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Series Editor’s Preface 


Much of what man can do to prevent deterioration of his products or to 
ensure his safety from pathogens is dependent upon the control of microorganisms, 
and an important part of this control is dependent upon the use of chemical 
substances, usually agents having little specificity. Important as it is, this area 
tends to be neglected by the average microbiologist, in part because the information 
is scattered in journals not routinely used, in part because one is usually concerned 
with a specific organism rather than with sterilization in general. The complex 
technology, the variety of materials employed, the variation of conditions that 
must be met — even the methods that one can employ to select proper agents for 
the circumstances presented — are not as widely known as they should be. We are 
therefore delighted to have Dr. Borick, who has been instrumental in solving 
several of the problems of the field, select for us papers that summarize the nature 
of the problems, an approach to their solution, and some experience with a variety 
of agents. True, the effects obtained through sterilization depend on the nature 
of the organism, its physiological state, the agent employed, the conditions of 
application, and the method used to measure the effect. But what nature, what 
state, and what conditions are specifically indicated? It is to these questions that 
the articles selected address themselves. This collection adds to our readily available 
knowledge of an important area of microbiology. 


Wayne W. Umbreit 
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Introduction 


Chemical sterilization is a complex technology that requires the expertise of the 
microbiologist experienced in the use of a wide variety of antimicrobial agents. A 
chemically prepared solution may be very effective in rendering a product or package 
sterile under a given set of circumstances, only to show sterility failure when the 
conditions are altered slightly. As an example, a wide range of antimicrobial agents 
may render a product sterile when vegetative bacterial cells of a gram-positive variety 
are present, but these may be ineffective when a wider spectrum of organisms, includ- 
ing gram-negatives, acid-fast types or spores, are to be destroyed. 

Borick, in his work with chemosterilizers, showed that not only the intended 
use of the chemical agent, but also the conditions associated with its use, should 
be taken into consideration. More and more work is being done today on the microbial 
flora of numerous items in conjunction with good manufacturing practices. The 
reason is that, in defining the conditions required for sterilization, the process for 
achieving sterility is simultaneously defined. Obviously, one would not select an agent 
that failed to show antitubercular activity when tubercle bacilli were present in or 
on the product to be sterilized. 

In this volume a series of papers were selected that will guide scientists or technical 
personnel in this task. The work by Hugo on the mode of action of antibacterial 
agents is useful in demonstrating the relative complexity of the action of disinfectants 
as a manifestation of their general nonspecificity. Some disinfectants have been used 
for years without an awareness of their “modus operandi.” However, in studying 
the mechanism of their action, and knowing the site of attack (i.e., whether at the 
cellular level, through disruption of the cell, action through enzyme specificity, ultimate 
destruction of the plasma membrane, etc.) it has become possible for microbiologists 
to seek more effective agents to kill microbial cells, that is, more effective chemical 
sterilizing agents. 
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The use of ethylene oxide as a chemical sterilizing agent has gained wide 
acceptance because of its action where other methods could not be employed. The 
papers by Bruch and by Ernst and Doyle point out the pitfalls encountered if certain 
chemical or physical factors are overlooked in the use of this chemosterilizer. One 
must take into account whether or not stratification or diffusion barriers, as well 
as moisture-reducing or polymerization effects, are encountered. Because of its sporici- 
dal nature, the use of ethylene oxide can be extremely effective, but it can also 
be detrimental, when various parameters are not defined The aforementioned reports 
discuss the conditions to be considered in the use of this chemical agent. 

The introduction of relatively new chemosterilizers requires a great deal of effort 
and cooperation on the part of many scientists, if we are to explore fully the factors 
involved in the destruction of microbes. Glutaraldehyde and peracetic acid were also 
shown to be sporicidal, and their use in chemical sterilization is well justified. Formal- 
dehyde, which also shows sporicidal properties, has long been used in both the vapor 
and the liquid states. Russell discusses the resistance of bacterial spores to heat, disinfec- 
tants, and gases, and he concludes that spores which are highly resistant to one 
process are not necessarily insensitive to another process. 

Steiger-Trippi, in discussing classical and modern methods of antimicrobial treat- 
ment, shows that beta-propiolactone, among other agents, is also an effective sporicide 
but emphasizes the appropriate precaution to be taken when applying it. 

Klein and Deforest tested various classes of germicides and showed their effective- 
ness as viricidal agents as well as the differences in resistances among viruses. Labora- 
tory data obtained from work with viruses must be extrapolated in terms of conditions 
during actual use. Claims for the ability of a given disinfectant to destroy influenza 
or other viruses, in addition to showing m vitro destruction of the virus, must show 
that spread of the disease can be prevented through use of the chemical agent. 
Indeed, reports by Burdon and Whitby and by Adair, Geftic, and Gelzer demonstrate 
that resistant bacteria such as Pseudomonas sp. can develop, even though the germicide 
had been shown previously to be effective in destruction of the same strain. 

Various cleaning and disinfecting techniques are suggested that would help to 
eliminate microorganisms from the hospital or other working environments. Fogging 
techniques may be useful in cases in which the location is inaccessible to physical 
cleaning and where the area can be saturated with an effective antimicrobial agent. 
Fogging may act as an additional aid in a closed room or suite after the walls and 
floors have been thoroughly scrubbed and disinfected. Spaulding, in his treatise on 
chemical disinfection and antisepsis in hospitals, discusses not only the fogging and 
aerosolized techniques employed in hospitals but also the selection and use of chemical 
agents required for these applications. 

Walter and Foris attempted to develop the relatively simple technique of obtaining 
uniformly contaminated surfaces to permit comparison of the efficacy of various 
antibacterial residuals. Other work shows the effectiveness of antimicrobial agents 
m a wide variety of applications, even at relatively low concentrations. 

A great deal of controversy prevails in the use of antimicrobial agents in chemical 
sterilization, and Bonck and Pepper discuss some of the problems encountered in 
working with microbial spores. Various factors that must be considered to improve 
the ethcacy of chemical sterilizing agents are presented also. 
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It is the intent of this volume to present topics that will aid the scientist in 
selecting those antimicrobial agents and conditions that will achieve the desired end 
result — sterility. Although a great deal of work has been done in the past decade 
on new antimicrobial agents, as well as on the methodology for establishing their 
efficacy under varying circumstances, much still remains to be accomplished. Antisep- 
tics and disinfectants may be active against vegetative microbial cells in minutes but 
may not have the strong penetrating power required to assure complete efficacy 
under trying circumstances. 

Chemosterilizers, which are extremely potent because of their sporicidal prop- 
erties, require long periods of time to accomplish the end result. The three to ten 
hours required to achieve sterility are often not available. Where spores are occluded 
or contained in a matrix, chemosterilizers do not have the penetrating power to 
attack the spore and destroy it. Wetting agents have been added to enhance their 
activity, but these can also increase the toxicity or impart sensitizing abilities, and 
so there may be some difficulty in working with them. Chemists, microbiologists, 
and other scientific personnel working together must set as their future objectives 
the discovery of antimicrobial agents that will rapidly destroy all microbial forms 
in the shortest possible time under varying circumstances. 
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Editor’s Comments on Papers 1 through 6 


1 Borick: Chemical Sterilizers (Chemo sterilizers) 

2 Hugo: The Mode of Action of Antibacterial Agents 

3 Opfell and Miller: Cold Sterilization Techniques 

4 Bruch: Gaseous Sterilization 

5 Ernst and Doyle: Sterilization with Gaseous Ethylene Oxide. A Review of Chemical and Physical 
Factors 

6 Doyle, Mehrhof, and Ernst: Limitations of Thioglycolate Broth as a Sterility Test Medium for 
Materials Exposed to Gaseous Ethylene Oxide 


The first three articles were selected for their scientific merit, the practical uses 
of antimicrobial agents, and the theoretical aspects of their potential modes of action. 

In the papers by Borick and by Opfell and Miller, those chemicals are shown 
which have sporicidal properties and may be considered to be chemosterilizers. It 
will be noted from these papers that the numbers of compounds contained in this 
category are extremely selective in spite of the fact that a wide variety of chemical 
agents show diversified antimicrobial properties. Hugo, in looking at the complexity 
of the action of disinfectants, ventures an opinion that it is not possible or even 
scientifically valid to try to determine the “mode of action’’ of a nonspecific drug 
by a study, however detailed, of a single changeable property. 

In the final three papers of this group, work with gaseous sterilization is reviewed. 
In the publications by Bruch and by Ernst and Doyle we are given the benefit 
of years of experience by these microbiologists with ethylene oxide as a chemical 
sterilizing agent. They have pioneered in this relatively new technology and have 
established some of the basic parameters necessary in coping with problems involved 
in gaseous sterilization. The paper by Doyle, Mehrhof, and Ernst discusses the limita- 
tions that can occur as a result of the diffusion of this gaseous sterilizer, as well 
as the limits of the medium employed in sterility testing. 
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I. Introduction 

The continuous introduction into world markets of new materials 
that cannot be heat sterilized necessitates the use or development of 
other means of sterilization. A major modem method for this purpose 
is based on the use of chemical agents. Selectivity must be exercised 
in the employment of chemical compounds, however, as only those 
which show sporicidal activity can be classified as chemical steri- 
lizers. A wide variety of antimicrobial agents is available, but in most 
instances these do not kill resistant bacterial spores. Microbicides are 
specifically limited to the destruction of the type of organism prefixed 
to cide, e.g., bactericide refers to killing of bacteria, fungicide to fungi, 
viricide to viruses and sporicide to spores, both bacterial and fungal. 
Since bacterial spores are the most difficult to destroy, sporicides may 
be considered synonymous with chemosterilizers. These may be e- 
fined as chemical agents which, when utilized properly, can destroy 
all forms of microbiological life, including bacterial and fungal spores, 

tubercle bacilli, and viruses. . , , . _ 

The term chemosterilizer should be distinguished from the term 

291 
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chemosterilant as reported in “Chemical Processing,” (Anonymous, 
1964). Chemosterilizers are chemical compounds which are used to 
destroy all forms of microbiological life whereas chemosterilants are 
chemical substances used to sterilize insects and render them in- 
capable of reproduction on mating with nonsterile partners. The term 
chemosterilant is unfortunately sometimes employed in chemical 
sterilization literature; it is suggested that such misuse of the term 
be avoided, and the term chemosterilizer be substituted to prevent 
further confusion. 

Although, by definition, disinfectants and antiseptics should be 
capable of destruction of pathogenic microorganisms, they do not 
destroy the spores of pathogenic clostridial or aerobic bacilli. Chem- 
icals intended for this use then cannot be classified as chemosteri- 
lizers, and it should be realized that they find only limited applica- 
tion. The chemical sterilizer, in addition to destroying fungi and bac- 
terial spores, must be effective in destroying all types of micro- 
organisms, including Mycobacterium tuberculosis within the recom- 
mended time. It should also be effective in destroying viruses, thus 
preventing the occurrence of viral diseases such as hepatitis when 
used to sterilize contaminated instruments, needles, or other medical 
equipment. Since only man is known, at present, to be susceptible to 
hepatitis viruses A and B and no laboratory methods are available for 
the evaluation of chemical sterilizers, it must be assumed that if other 
resistant viruses are destroyed, the hepatitis virus will also be killed. 
In this country, commercial use of chemical sterilizers is governed 
by the Federal Insecticide and Rodenticide Act and its control falls 
within the jurisdiction of the U.S. Department of Agriculture (USDA). 
Since test methods are not available for hepatitis virus, the USDA 
is most interested in this problem to ensure that chemical sterilizer 
claims are justified. 

In the evaluation of a chemosterilizer, one must take into account 
the intended use and the conditions associated with its use. These 
applications may include wide areas, e.g., medical, hospital, and 
pharmaceutical use, food technology or sterilization of interplanetary 
space objects. If proven processes such as heat sterilization or irradia- 
tion cannot be employed, the proper chemical sterilizer should be 
selected. One must consider, then, the circumstances under which 
the chemosterilizer is to be utilized. Time, concentration, numbers 
and types of microorganisms as well as the type of material to be steri- 
lized are important factors. If ethylene oxide gas were to be used, the 


6 



CHEMICAL STERILIZERS (CHEMOSTERILIZERS) 293 

limitations associated with this sporicide must be borne in mind. For 
example, many hours may be required with proper conditions of 
humidity, temperature, pressure, and gas concentration at the site of 
the microorganism. If the material to be sterilized were wrapped in a 
gas-impermeable membrane, the sporicidal agent, no matter how 
effective, could not reach the site to be sterilized. 

Although chlorine is recognized by microbiologists as being a 
highly active antimicrobial agent with sporicidal properties, caution 
must be exercised in the presence of organic matter since the chlorine 
concentration, with a concomitant loss in activity, rapidly diminishes 
upon interaction with any form of organic material. Hence, sufficient 
active chlorine may not actually be available for adequate sterilization. 

The manufacturer most probably has had the greatest experience 
with his product; it is wise then to follow his recommendations and 
accept the limitations of that particular agent. The practical applica- 
tions of the use of chemical sterilizers should also be considered. 
Harsh or difficult conditions may make it impossible to achieve chem- 
ical sterilization under any circumstances. It is necessary then to con- 
sider chemical, physical, and biological factors in effecting steriliza- 
tion and achieving sterility. It is the intent of this paper to discuss 
some of these objectives and present available information on the use 
of chemicals which can be regarded as effective chemosterilizers. It 
is also the purpose of this publication to clarify those issues which are 
borderline and tend to be misleading. The popular use of alcohols, 
for example, as antimicrobial agents gives one the impression that 
they can be used effectively as chemosterilizers and are sporicidal in 
nature. This is not so; alcoholic suspensions of viable bacterial spores 
have been retained for long periods of time and grown readily after 
transfer to the appropriate growth media. 

II. Methods for Evaluation of Chemosterilizers 

A. Sporicidal Tests 

Although the broth dilution or serial dilution method and the agar- 
cup plate technique are widely employed for the rapid screening and 
evaluation of antimicrobial agents, their use in the appraisal of 
sporicidal agents is not recommended. Time is not a factor in these 
techniques and bacterial or fungal spores can revert to the vegeta- 
tive state. Thus, it would be doubtful whether the chemical com- 
pounds tested were effective against the spore or the vegetative cell. 
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Tests for determining the presence or absence of sporicidal activity 
and potential effectiveness against various spore-forming bacteria 
under different conditions are recommended by the AOAC (Official 
Methods of Analysis, 1960). Either suture loops or porcelain penny- 
cylinders are infected with spores of bacilli or clostridia under the 
recommended conditions and exposed to the test agent for prescribed 
periods of time. The spore inoculum is removed from the test reagent, 
added to tubes of growth culture media, and incubated. The lack of 
positive cultures is considered as satisfactory evidence of the desired 
response, and it is expected that the use of these materials may be 
extrapolated to products of a similar nature under practical “in use” 
situations. 

Resistance of bacterial spores with this method is determined by 
exposure to 2.5 N HC1. The test spores are expected to resist the HC1 
for at least 2 minutes, although many will resist the HC1 for 30 min- 
utes and longer. Vegetative cells should not show any significant re- 
sistance against this concentration of strong acid. Ortenzio et al. (1953) 
used constant boiling hydrochloric acid for short periods to destroy 
bacterial spores. The procedure was developed to minimize the 
hazard in handling dried spores of Bacillus anthracis or Clostridium 
tetani and to provide the bacteriologist with a constant source of 
dried spores for sporicidal evaluations. These workers showed the 
high degree of resistance of bacterial spores, and confirmed the work 
of Curran (1952) which indicated that the capacity of bacterial spores 
to withstand destructive agents is not equaled by any other living 
thing. 

The test method for determination of sporicidal activity with suture 
loops is difficult to evaluate since Spaulding (1964) has pointed out 
that the suture loop is extremely resistant to sterilization by germi- 
cides. When the severity of the test condition was increased by using 
a heavy inoculum, some bacteria still showed long survival times. 
Why contaminated silk sutures should be so resistant to sterilization 
is not known, but it should be borne in mind that this type of situation, 
perhaps, cannot be extrapolated in practical terms to an actual in-use 
condition. 

Stuart (1966) has reported on the current status of AOAC sporicidal 
test and has recommended changes in the procedure which would 
make it more precise. Tests with spores showed a high degree of re- 
sistance to chemical sterilizers. Rehydration treatments of spores 
prior to chemosterilizer exposure showed less resistance. Studies in 
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this area were also conducted by Gilbert et al. (1964). It was pointed 
out that these procedures were applicable in evaluating the sporicidal 
activity of both liquids and gases, and that there can be no double 
standard for liquids or gases as sterilizing agents. This test is con- 
sidered as satisfactory evidence of the desired response when applied 
to the carrier giving the lowest result; however, for a confidence level 
of 95%, killing in 59 out of 60 replicates is expected. 

B. Additional Test Methods 

Although the AOAC sporicidal method can be used readily for 
laboratoiy evaluations of chemosterilizers, Opfel and Miller (1965) 
have stated that a valid demonstration must be based on results and 
experiments duplicating the anticipated environment for each cell in 
the contaminating population and using microorganisms whose re- 
sistance to the sterilizing agent resembles that of the species in the 
contaminating population. Hence, a chemical sterilizer employed for 
medical instruments must be capable of destroying those micro- 
organisms considered part of the normal flora of a hospital environ- 
ment and practical “in-use” test evaluations must be performed sub- 
sequent to any initial laboratory evaluations. 

A chemosterilizer, in addition to destroying bacterial spores and 
vegetative cells, must also be effective in (a) destroying Mycobac- 
terium tuberculosis, which is known to be more resistant than other 
commonly encountered vegetative pathogenic bacteria, and (b) in 
destroying viruses, including proper sterilization of instruments 
and needles, for the prevention of human hepatitis. 

Moessel (1963) developed a method for determining the overall 
rapid evaluation of a microbicide by providing a mixed culture of 
bacteria, spores, and yeasts. The suspension is treated with the anti- 
microbial; thus, if the manufacturer claims his agent is sporicidal, 
a viable spore count is required to determine this activity. 

Portner et al. (1954) reported on the efficacy of membrane filters 
for testing the microbiological activity of formaldehyde solutions. 
This method offers the advantage that bacteria entrapped on mem- 
brane filters can be washed free of bacteriostatic material prior to 
subculture. In the adaptation of this test to sporicidal evaluations, 
clostridia or other bacterial spores may be used with sporistasis de- 
termined by inoculating the medium with spores of the test strain. 
Growth of the bacterium indicated that the test solution was not 
sporicidal. 
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III. Gaseous Chemosterilizers 
A. Ethylene Oxide 

The literature on sterilization by ethylene oxide is voluminous 
and a review of the subject would include hundreds of papers. One 
of the earliest extensive reviews regarding the bactericidal effective- 
ness and physical properties of ethylene oxide gas was published by 
Phillips and Kaye (1949). Phillips (1949) and Kaye and Phillips (1949) 
presented data which showed the effects of temperature, concentra- 
tion, exposure time, and moisture upon sterilization with ethylene 
oxide. Methodology and procedures used in handling ethylene oxide 
for sterilization purposes in the pharmaceutical industry, surgical 
dressings and appliances, research institutions and hospitals were 
explored by Perkins (1956). This work and the properties of gaseous 
ethylene oxide mixtures were further reviewed by Lloyd and Thomp- 
son (1958). One of the first detailed reports regarding the inactivation 
of viruses by ethylene oxide was published by Ginsberg and Wilson 
(1950). Various investigators have reported on the use of ethylene 
oxide for sterilization of a wide variety of objects, e.g., the steriliza- 
tion of bacteriological media and other fluids by Wilson and Bruno 
(1950) and viruses suspended in protein solutions by Auerswald and 
Doleschel (1962). Polley (1952) used ethylene oxide in the prepara- 
tion of stable noninfective influenza and mumps antigen and Perkins 
(1960) employed ethylene oxide on a broad spectrum of pharma- 
ceutical products. Ethylene oxide has also been used extensively 
in the food industry, e.g., for spices; however, there are limitations 
to its use in this industry since it can react with vitamins and other 
amino acids. For more recent reviews on the subject, the reader is 
referred to the work of Bruch (1961), Mayr (1961), Phillips (1961) 
Stierli et al. (1962), and Lloyd (1963). 

The above literature demonstrates that ethylene oxide is widely 
used commercially for sterilization. It is not the intent of this article 
to pursue this matter, but rather to point out some of the restrictions 
in its applications. Serious limitations to its widespread use in hos- 
pitals were reported by Spaulding et al. (1958). It was also shown by 
Spaulding (1964) that the portable type of ethylene oxide sterilizer 
was less rapidly cidal than the autoclave type. Ernst and Shull (1962) 
showed that the relationships of reaction temperatures and concentra- 
tion of gaseous ethylene oxide to the time required for inactivation of 
air-dried spores were highly complex and that use conditions of 
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ethylene oxide should be selected on the basis of experimental sup- 
port. It was further reported by Opfell et al. (1959) that the absence 
of hygroscopic substances appeared to increase the resistance of 
B. globigii spores to gaseous ethylene oxide sterilization. B. globigii 
spores were also shown to be more resistant than other bacterial 
spores by Lloyd et al. (1967). 

Although Walter and Kundsin (1959) reported on the faulty func- 
tioning of a table model ethylene oxide sterilizer, sterilization prob- 
lems are also frequently encountered by users of large autoclaves. 
During these test periods, it may be necessary to explore the many 
parameters involved in ethylene oxide sterilization. These include 
temperature, pressure, relative humidity, gas concentration, numbers 
and kinds of microorganisms to be destroyed, nature and permeability 
of the material to be sterilized, and, finally, the process and equipment 
used. If the material to be sterilized is a solid, and the gaseous steri- 
lizer cannot penetrate it, some other means must be employed to 
achieve sterility. Doyle and Ernst (1967) showed, for example, that 
occluded spores could not be inactivated with ethylene oxide when a 
crystalline matrix of calcium carbonate acted as a barrier. It was 
pointed out by these investigators that spores entrapped in insoluble 
materials are extremely resistant to ethylene oxide, as well as to 
moist or dry heat. 

The package used for sterilization with ethylene oxide is also of 
major importance. Many materials are impermeable to ethylene oxide, 
and where this is a problem, a vent may be included in the package 
and aseptic sealing applied after sterilization. If this is not practical, 
some other means for achieving sterility must be employed. The use 
of ethylene oxide for the preparation of sterile products was recom- 
mended by Guthrey (1967), using a polyester bag as a portable sterile 
hood. 


B. Gases and Vapors 
I. Proplylene Oxide (CsHsO) 

According to Bruch (1961), propylene oxide has weak penetrating 
ability but strong microbicidal properties, and is frequently used as 
a substitute for ethylene oxide in sterilization. Russell (1965) has 
shown that spores of B. subtilis and B. stearothermophilus were 
destroyed after exposure to gaseous propylene oxide, and that B. 
subtilis was the more resistant of the two. Although Bruch and 
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Koesterer (1961) reported that the activity of propylene oxide de- 
creased with increasing relative humidity, Himmelfarb et al. (1962) 
found that the death rate of Bacillus subtilis spores substantially 
increased with this increase in relative humidity. 

Propylene oxide can be used in conjunction with ethylene oxide 
for chemical sterilization and, like ethylene oxide, requires dilution 
with inert gases for safety. Carbon dioxide was previously combined 
with these chemosterilizers; more recently, mixtures with Freon gas 
have come into popular usage. Flammability limits in air were re- 
ported by Bruch (1961) to be 2.1% to 21.5% by volume. Use of the 
above-mentioned inert gaseous mixtures can help to eliminate the 
flammability hazard. The acceptable concentration recommended 
for sterilization is in excess of 800 mg. per liter. 

2. fi-Propiolactone 

jS-Propiolactone, a heterocyclic ring compound, is a colorless, 
pungent liquid, vapors of which have been used for sporicidal 
activity. Hoflman and Warshowsky (1958) showed that /3-propioIac- 
tone was lethal for cells of B. subtilis var. niger. Sporicidal activity 
was dependent on the concentration of the vapor and relative hu- 
midity above 70%. Bruch (1961) recommended the use of this chem- 
ical for sterilization in various areas and reported that tests per- 
formed with spore samples on paper strips showed that this method 
was used as an indicator for sterilization. 

Allen and Murphy (1960) showed that /3-propiolactone has a broad 
field of application provided that its limitations are recognized and 
that it is handled like other bactericidal agents with due regard for 
its toxic properties. Lo Grippo (1961), however, was able to sterilize 
biological material without toxic or allergic manifestations, employ- 
ing /3-propiolactone in the liquid state. The use of a specially purified 
/3-propiolactone without the usual impurities of acrylic acid, acetic 
anhydride, and polymers was stressed. Vischer et al. (1963), Fellowes 
(1965), Barbieto (1966), and Pritchard et al. (1966), among others, 
have reported on sterilization by /3-propiolactone and the advantages 
and limitations in its use. One of the major factors in limiting its de- 
velopment as a sterilizing agent is attributed to its carcinogenic and 
other physiologically Undesirable properties as reported by Wisely 
and Falk (1960). However, the hydrolysis product — /3-hydroxy pro- 
pionic acid— does not appear to have these disadvantages as it is 
lower in toxicity and is noncarcinogenic. 
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3. Formaldehyde Vapor 

Formaldehyde, in the vapor phase, has long been recognized for 
its chemical sterilizing ability. Formaldehyde vapor cabinets have 
been used to sterilize lensed instruments which cannot be subjected 
to heat. Although they have been employed effectively, a high degree 
of humidity and a prolonged exposure time is required if the formalde- 
hyde is to exert its effect. Nordgren (1939) has summarized much of 
the earlier work together with his own experimental data on the action 
of formaldehyde vapor. 

Although formaldehyde vapors have a high degree of microbiolog- 
ical activity, their ability to penetrate is weak, with the result that 
their application should be limited to surface sterilization. This 
method of sterilization appears to be losing its popularity and is being 
rapidly replaced by ethylene oxide or other gaseous sterilizers. The 
use of formaldehyde solutions as chemosterilizers will be dealt with 
separately in this article and the use of formaldehyde vapor in combi- 
nation with other sporicides is discussed in a later section. 

C. Consideration of Other antimicrobials 
as Chemosterilizers 

A number of other chemical compounds have been reported as 
chemosterilizers, but the reader is cautioned in their use. As was 
pointed out earlier, in order to be considered a chemosterilizer, the 
anti-microbial agent must be sporicidal. Unfortunately, in most in- 
stances the microbiological population is unknown. Since spores may 
be present, it becomes necessary to destroy them as well. Thus, an 
agent may very well induce sterile conditions where vegetative bac- 
terial cells are present, but not so in the presence of spores. Methyl 
bromide and ozone, for example, have weak microbicidal properties 
and, therefore, find limited application. In comparing methyl bro- 
mide vapors with ethylene oxide, Opfel et al. (1967) showed significant 
differences in the susceptibility of microbial populations to these 
agents, but the mixed vapors sterilized both spores and desiccated 
cells of S. epidermidis. 

Ethylene imine was reported by Phillips (1949) to have a higher de- 
gree of microbiological activity than ethylene oxide or its methyl, 
chloromethyl or bromomethyl derivatives. This compound has not 
gained the wide acceptance of ethylene oxide nor has it been com- 
pletely explored despite the feet that the work was reported almost 
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two decades ago. A possible reason for the lack of popularity may be 
the occurrence of corrosion with the use of this chemosterilizer. 

IV. Liquid Chemosterilizers 
A. Strong Acids and Alkalies 

Because of their sporicidal nature, strong acids or alkalies may be 
used as chemosterilizers. However, the acidic or caustic nature of 
these solutions places a strong limitation on their use. Solutions of 
2.5 N hydrochloric acid are employed in AOAC sporicidal tests to 
determine the resistance of spores to this solution. Bacterial spores 
are rapidly destroyed within minutes and do not normally withstand 
an exposure limit beyond 30 minutes, although our own experiments 
with pure cultures of spores at concentrations of 1 X 10 5 to 1 X 10 6 per 
milliliter showed survival times in excess of 1 hour. This high degree 
of resistance is indicative of the complex nature of this biological 
material and its ability to survive under extremely difficult circum- 
stances. 

Sodium hydroxide also may require long exposure times to destroy 
bacterial spores. Although spores of Clostridium sporogenes were 
destroyed within 3 hours when exposed to 2.5 N NaOH, spores of 
Bacillus megaterium survived a 3-hour exposure to this concentration 
of alkali. It would appear that while strong caustic solutions may be 
used for the destruction of spores, long exposure times may be neces- 
sary to achieve sterility. 

B. Phenolics 

Phenolics have been widely used for disinfection by microbiolo- 
gists; if they are to be effective as sporicidal agents, however, they 
must be employed in conjunction with heat. Klarmann (1956) reported- 
that destruction of resistant bacterial spores could be effected by boil- 
ing with dilute aqueous solutions of synthetic phenolics of low 
volatility. This procedure was recommended for the sterilization of 
surgical instruments and it was shown that spores of Cl. sporogenes 
were destroyed by this method without corroding the instruments. 
While this procedure may be applicable in certain areas, it obviously 
cannot be utilized for sterilization of delicate-lensed instruments, 
e.g., bronchoscopes or cystoscopes. The use of 2% phenol and cresol 
by this method was contraindicated because a pungent odor intensi- 
fied by heating was found to be objectionable. In accordance with the 
above, it appears that heating of cultures of sporulating organisms 
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to kill vegetative cells will weaken the spores so that they will be 
more easily killed. For a review of the microbiological activity of 
the phenolics, the reader is referred to the works of Klarmann (1957) 
and Sykes (1965). 


C. Halogens 

Chlorine has long been employed as a chemosterilizer. Weber and 
Levine (1944) were able to show that hypochlorous acid was sporicidal 
over a pH range of 6 to 9. In a study of the effect of N-chloro com- 
pounds on Bacillus metiens spores, Marks et al. (1945) also found that, 
at each pH value, the log of time required for kill plotted against 
the log concentration gave a straight line, and the rate of sterilization 
decreased rapidly as the pH increased. This author’s experience with 
dichloro-S-triazinetrione, an N-chloro compound, has also shown it 
to possess sporicidal activity. Where a concentration in excess of 
400-500 p.p.m. available chlorine was used at neutral pH, bacterial 
spore populations were destroyed in a few hours. 

Engelhard et al. (1961) studied the effects of an organic hypo- 
chlorous acid in a phosphate buffer and found that it was able to 
destroy various microorganisms including Bacillus stearothermophi- 
lus and Clostridium sporogenes. Chandler et al. (1957) had reported 
earlier, however, that hypochlorous acid compounds were not spor- 
icidal when tested by two different methods. The activity of chlorine 
was markedly reduced in the presence of protein matter and storage 

temperatures in excess of 70°F. 

Discrepancies regarding the sporicidal action of iodine, as with 
chlorine, are reported. The use of iodine as a chemical sterilizing 
agent was recommended by Gershenfeld and Witlin (1952). These 
authors found that 2% iodine solutions destroyed spores of Bacillus 
subtilis, Bacillus anthracis, Bacillus mesentericus and Clostridium 
tetani when tested on both absorbent and nonabsorbent surfaces. 
The relatively greater resistance of B. subtilis spores to an iodophor 
as compared with NaOCl was unexpected by Cousins and Allen (1967) 
because of the generally accepted view that iodine has greater 
activity against vegetative bacterial cells. 

Iodine is frequently us,ed for the destruction of microorganisms on 
the skin. Although it is effective in destroying a major percentage of 
microbes, the nature of skin is such that complete destruction of 
microbes cannot be achieved, hence, these solutions cannot be con- 
sidered as chemosterilizers. The use of chemical sterilization, for the 
present at least, is limited to inanimate objects. 
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D. Formaldehyde 

Since alcohols are not sporicidal, they cannot be considered as 
chemosterilizers. However, they are frequently used as carriers for 
other chemicals such as formaldehyde. Spaulding (1963) recom- 
mended the use of 8% formaldehyde or 20% formalin for the de- 
struction of bacterial spores. His findings showed that formaldehyde 
was superior to iodophors insofar as sporicidal activity was con- 
cerned. The higher concentration of formaldehyde was essential 
since 1% or 2% formaldehyde solutions are not good sporicides. A 
solution of 8% formaldehyde in 70% isopropyl alcohol was sporicidal, 
and sterility was achieved in 3 hours according to Spaulding (1963). 

Willard and Alexander (1964) concluded from their studies of the 
sterilizing properties of formaldehyde in methanol and water solu- 
tions that formaldehyde in methanol effected sterilization in 24 hours; 
formaldehyde in water sterilized in shorter periods of time and has a 
longer shelf life than formaldehyde in methanol. The test inoculum 
used in these studies was a water suspension of spores of Bacillus 
subtilis var. niger. According to these authors, the most recent sug- 
gested application of this chemical is for the sterilization of space 
vehicles. 

Sykes (1965) reported that a formaldehyde-alcohol mixture is a 
more effective sterilizing agent than an aqueous solution of formalde- 
hyde and that a 5% solution of formalin in alcohol will effectively 
sterilize all spores in 24 hours at 25°C. A 1% solution was also re- 
ported to kill in 24 hours at the higher temperature of 37°C. The kind 
of alcohol used as solvent was not specified. 

Although formaldehyde has been widely employed for many years 
for the destruction of microorganisms, and my own experience has 
shown it to be a good chemosterilizer, one of the chief objections to its 
use is the pungent odor of the vapors given off by the sterilizing 
solutions. 


E. Glutaraldehyde 

Glutaraldehyde, a saturated dialdehyde having the formula 
CHO — CH 2 CH 2 CH 2 — CHO, has been known for many years, but it 
is only recently that it has been developed commercially as a chemo- 
sterilizer. Borick (1965) reported that acid solutions stored at room 
temperature in a closed system remain stable whereas alkalinized 
glutaraldehyde solutions show a drop in pH and a decrease in gluta- 
raldehyde concentration after 2 weeks (see Fig. 1). The allralir^ 
solutions show a higher degree of sporicidal activity, however, and 
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for this reason are preferred for chemical sterilization (see Table I). 
A comparison of 1% and 2% glutaraldehyde solutions with 4% 
formaldehyde solutions by Rubbo and Gardner (1965) showed that 



Fig. 1. Glutaraldehyde concentration and pH of alkalmized glutaraldehyde after 
standing 4 weeks. Reprinted from Borick (1965) courtesy John Wiley & Sons (Inter- 
science). 


TABLE I 

Ability of Bacillus subtilis Spores to Survive 2% Aqueous 
Glutaraldehyde Solutions at Different pH 


Exposure time 
(minutes) 

pH 5 

pH 7 

pH 9 

Microbial 

count 

Percent 

survivors 

Microbial Percent 
count survivors 

Microbial 

count 

Percent 

survivors 

0 

2.1 X 10 6 

100 

1.1 X 10* 100 

1.7 X 10® 

100 

30 

1.7 X 10 s 

83 

4.0 x 10 5 36 

3.7 X 10 5 

60 

60 

1.0 x 10 6 

48 

7.3 X 10 3 1 

7.2 X 10 4 

4 

90 

5.3 x 10 4 

3 

0 0 

0 

0 

180 

0 

0 

0 0 

0 

0 


glutaraldehyde was able to destroy spores of Bacillus anthracis more 
rapidly than was formaldehyde. A comparison of the sporicidal 
activities of alcoholic glutaraldehyde and formaldehyde solutions 
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(as seen in Table II) showed that a lower concentration of glutaralde- 
hyde killed aerobic and anaerobic spores in a shorter period of time 
than a higher concentration of formaldehyde. The microbiological 
activity of saturated alcoholic dialdehyde solutions was reported by 
Pepper and Chandler (1963). 


TABLE II 

Sporicidal Activities of i% Alkaline Alcoholic Glutaraldehyde and 8% 
Formaldehyde Solutions Using Penicylinders Contaminated with a Mixed 
Suspension of Varying Numbers of Spores 0 


Test solutions 

Bacterial count 6 

0 hour 

1 hour 

Exposure time 

3 hours 

b 

6 hours 

Aerobes Anaerobes 

Eug.* 

Thio.' 

Eug. 11 

Thio. 

r Eug." 

Thio." 

Eug. d Thio 

1% Glutaraldehyde 

380,000 

210,000 

4 

4* 



— 

— 

4 — 

1% Glutaraldehyde 

2,100 

3,000 

4 

4 

4 

4 

4 

4 

- - 

1% Glutaraldehyde 

100 

100 

4 

4 

— 

4 

— 

— 

— — 

8% Formaldehyde 

380,000 

210,000 

4 

4 

4 

4 

4 

4 

4 4 

8% Formaldehyde 

2,100 

3,000 

4 

4 

4 

4 

4 

4 

4 4 

8% Formaldehyde 

100 

100 

4 

4 

4 

4 

4 

4 

— — 


a Reprinted from Pepper and Chandler (1963) courtesy of American Society of Microbiology 
6 Key: 4* indicates growth and — indicates no growth. 

c Spore counts were estimated from heat-shocked samples and shown as numbers of spores fo 
cylinder. 
d Eugon broth. 
c Thioglycollate broth. 

d Key: -t* indicates growth and — indicates no growth. 

A wide spectrum of microorganisms was destroyed by aqueous 
glutaraldehyde solutions, according to various investigators: Borick 
(1964a, b, 1965), Klein and DeForest (1963), Spaulding (1963), 
Snyder and Cheade (1965), and Stonehill et al. (1963). Since various 
test methods were employed by these investigators, details will not 
be reiterated here. The types of microorganisms destroyed can be 
seen from a perusal of Table III. A wide range of microorganisms, 
including vegetative bacterial and fungal cells, viruses, tubercle 
bacilli, and bacterial and fungal spores, were destroyed by 2% 
aqueous glutaraldehyde. 

The ability of glutaraldehyde solutions to maintain their activity in 
the presence of organic matter was further reported by Borick (1964a, b). 
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Serum was neither precipitated nor coagulated in the presence of 
glutaraldehyde. When 2% glutaraldehyde was tested in the presence 
of 20% blood serum, its activity remained the same as that in the 
absence of organic matter. 


TABLE III 

Effects of Aqueous Alkaline 2 % Glutaraldehyde Solutions 
on Various Microorganisms 0 


Microorganisms 

Source 

Killing 

time 

Staphylococcus aureus 

ATCC 6538 

< 1 minute 

Streptococcus pyogenes 

ATCC 12384 

< 1 minute 

Diplococcus pneumoniae 

U. of Michigan 

< 1 minute 

Escherichia coli 

ATCC 6880 

< 1 minute 

Pseudomonas aeruginosa 

ATCC 10145 

< 1 minute 

S erratic marcescens 

Rutgers U. 

< 1 minute 

Proteus vulgaris 

ATCC 6380 

< 1 minute 

Klebsiella pneumoniae 

ATCC 132 

< 1 minute 

Trichophyton interdigitale 

ATCC 640 

< 1 minute 

Micrococcus lysodeikticus 

Ohio State U. 

< 1 minute 

Mycobacterium tuberculosis H37Rv 

ATCC 7690 

<10 minutes 

Poliomyelitis types I & II 

Temple U. 

<10 minutes 

Echo type 6 

Temple U. 

<10 minutes 

Coxsackie B-l 

Temple U. 

<10 minutes 

Herpes simplex 

Temple U. 

<10 minutes 

Vaccinia 

Temple U. 

<10 minutes 

Influenza A-2, Asian 

Temple U 

<10 minutes 

Adeno type 2 

Temple U. 

<10 minutes 

Mouse hepatitis (MHV3) 

Temple U. 

< 10 minutes 

Bacillus subtilis spores 

USDA 

< 3 hours 

Bacillus megaterium spores 

U. of Texas 

< 3 hours 

B. globigii spores 

USDA 

< 3 hours 

Cl. tetani spores 

USDA 

< 3 hours 

Cl perfringens spores 

USDA 

< 3 hours 


a Reprinted from Borick (1965) courtesy John Wiley & Sons (Interscience). 


The use of glutaraldehyde has gained wide acceptance in the med- 
ical field. Borick (1967a) advocated its use as an instrument germi- 
cide. It is especially useful in areas where heat cannot be employed, 
such as sterilization of lensed instruments, i.e., cystoscopes and 
bronchoscopes. Duquette and Snyder (1966) showed the superiority 
of glutaraldehyde over other antimicrobials for the control of hospital 
infection. The inactivation of biological activity of myxoviruses by 


19 



306 


PAUL M. BORICK 


glutaraldehyde was reported by Blough (1966). No incidence of irrita- 
tion or sensitivity was reported by O’Brien et al. (1966) in over 4000 
patients exposed to glutaraldehyde. Rittenbury and Hench (1965) 
used glutaraldehyde for sterilization of urological instruments and 
various anesthesia items, e.g., face masks, corrugated tubing, and 
endotracheal tubes. Use of glutaraldehyde in anesthesia was also 
reported by Meeks et al. (1967) and by Haselhuhn et al. (1967). Other 
areas of use of glutaraldehyde included the fixation of tissues for 
electron microscopy, as reported by Fahimi and Drochmans (1965). 

Some of the advantages of glutaraldehyde as a chemosterilizer in- 
clude: (1) no deleterious effects on the cement of lensed instruments, 
e.g., bronchoscopes, etc.; (2) it does not interfere with the electrical 
conductivity of rubber anesthesia equipment; (3) its low surface 
tension permits easy penetration and rinsing; (4) it is noncorrosive; 
(5) it does not affect rubber and plastic articles; (6) it does not co- 
agulate blood or other proteinaceous material; (7) it does not affect 
the sharpness of cutting instruments; (8) it has a low vapor pressure— 
22 mm of mercury, compared to 24 mm for water; (9) it does not affect 
the markings on objects such as clinical thermometers. 

F. Other Chemosterilizers 

Various chemicals have been reported which demonstrate sporicidal 
activity, but have not been exploited as chemosterilizers. Included in 
this category are glyoxal, succinaldehyde, and other aldehydes. 
Pepper and Chandler (1963) showed that glyoxal-isopropanol solu- 
tions destroyed spores in a relatively short time. Work conducted by 
us also showed other aldehydes to have sporicidal activity. In this 
category, succinaldehyde solutions were intermediate between 
glyoxal and glutaraldehyde. 

The peracids also have sporicidal activity and potential use as 
chemosterilizers. Peracetic acid is available commercially as a 40% 
solution and may be diluted with water to lower concentrations for 
use. A method for destroying thermophilic bacteria and spores in 
starch by the use of peracetic, perpropionic, and perbutyric acids was 
patented by Wurzburg and Kruger (1962). A 2% solution of meta- 
chloroperbenzoic acid in ethyl alcohol was tested by us and found to 
destroy both aerobic and anaerobic spores within 3 hours, using 
AOAC sporicidal test procedures. Both peracetic and perbenzoic 
acids showed sporicidal activity against spores of B. subtilis and 
Cl. tetani. 

A patent covering the use of combinations of formic acid and 
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epoxides for the sterilization of objects was issued to Kaye (1967). 
Both vaporized and liquid combinations of formic acid and epoxides 
were utilized; potentiation of activity of ethylene or propylene oxide 
was attributed to the combined use of formic acid and the epoxides. 

V. Conditions for the Use of Chemosterilizers 

In discussing the destruction of microorganisms by irradiation 
sterilization, Borick (1967b) reported that the many variables asso- 
ciated with destruction of microbial cells by physical means must be 
considered. This also holds true for chemical sterilization. Although 
a chemo sterilizer may be sporicidal in its action, it cannot be effective 
unless it penetrates to the spore site. In our evaluation of chemicals 
to achieve sterility, laboratory experiments are too frequently planned 
without taking this factor into consideration. The microbiologist may 
make conditions so difficult that the chemosterilizer cannot perform 
its function under any circumstances. One of the methods employed 
here is to centrifuge a culture of microorganisms in order to obtain a 
high concentration of biological cells. Obviously a compact con- 
glomeration of cells will not lend itself readily to penetration of the 
inner core, permitting destruction of those germs which are in the 
hard center. If these circumstances were extrapolated to practical 
everyday usage, there would indeed be few, if any, environmental 
conditions under which this phenomenon would occur. 

The containment of the bacterial cell in a crystalline matrix would 
present a similar problem. A chemosterilizer which first acts as a 
solvent to dissolve the chemical and is still capable of destroying 
the bacterial cell would have to be employed. Another condition 
which may be applicable is the use of a chemical solution having a 
sufficiently low surface tension to permit penetration in narrow-bore 
instruments. Since air pockets can occur in these areas, it is neces- 
sary to ensure that the chemosterilizer will penetrate the narrowest 
crevice. According to Colbeck (1962), no method of chemical steri- 
lization is reliable for the sterilization of uretheral catheters because 
it is difficult to ensure that the chemical will come into contact with 
the entire inner area. The positioning of long, narrow instruments in 
an upright position with slow immersion of the solution into the chan- 
nel would prove more advantageous rather than placing them in a 
horizontal position. 

Too often microbiologists feel that large concentrations of micro- 
organisms are in themselves of paramount importance in the evalua- 
tion of chemosterilizers. Although numbers and types of micro- 
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organisms must be taken into consideration in the use of chemo- 
sterilizers, it should be remembered that environmental character- 
istics are also to be considered and that a high incidence of contami- 
nation may not necessarily be present in any given practical case. The 
types of microorganisms, too, may be such that they are readily de- 
stroyed or are nonpathogenic, so that their presence would be incon- 
sequential. Van Winkle et al. (1967) pointed out that a most important 
factor in sterilization is a thorough understanding of the physical and 
biological nature of the product to be sterilized and the nature and 
level of organisms that must be destroyed. This is a practical approach 
to the problem and must be solved in each individual case in a rational 
way. 

Granted that the chemosterilizer is unable to perform its sterility 
function under difficult, adverse circumstances, however, the use of 
heat, too, can result in sterility failure if improperly applied. Over- 
loading of autoclaves and hot air sterilizers, inadequate time and tem- 
perature cycles, improper operation and undetected defects are not 
uncommon in heat sterilization. Some of these problems were ex- 
tensively discussed by Shorten (1961) and Bowie (1961). In the use 
of chemosterilizers, time, temperature, pH, concentration, surface 
tension, the nature and types of chemicals employed, and the proper 
use of these chemicals are also all important factors. Let us consider 
each of these separately. 

As most microbiologists are aware, time is a critical factor in the 
use of chemicals for microbiological activity. It is generally recog- 
nized that the longer the material is exposed to the microbicide, the 
better the chances are to achieve sterility. It is also known that 
present-day chemosterilizers do not act in minutes, but rather hours 
are required to achieve the desired effect. Here again, the individual 
must realize that some spores are readily destroyed whereas others 
are extremely difficult to kill and will, in fact, resist destruction. The 
simple analogy to a nut or a seed may be drawn. The brazil nut has 
a hard outer coat and it is only through a severe physical impact that 
we are able to shatter the tough outer coat to get at the meat. On the 
other hand, the almond or walnut has a softer shell and can be pene- 
trated more readily. So, too, spores coats vary with different microbial 
cultures. 

Temperature also plays an important role in the use of chemo- 
sterilizers as it is generally accepted that the killing efficiency of the 
chemical increases with increasing temperature. Since exceptions 
to this rule are possible, the temperature effects on each individual 
antimicrobial agent must be determined. 
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The pH at which the chemosterilizer exerts its optimum action 
must also be determined. According to Frobisher (1953), the lethal or 
toxic action of both chemical and physical harmful agents is affected 
by (H + ) or (OH“). Cationic agents, for example, may be interferred 
with by an increased hydrogen ion concentration whereas increases 
in the hydroxyl ion will favor many of them. 

As a general rule, the more concentrated the chemosterilizer, the 
more effective will be the action of the solution. This is applicable 
to a limited degree only, however, as once the maximum killing 
power of the chemical solution is obtained, additional increases in 
concentration may show little, if any, significant difference in killing 
power. 

The addition of wetting agents to antimicrobial agents appears to 
enhance their activity. The lowering of the surface tension may im- 
part greater penetrating ability to them and, hence, make them more 
readily able to reach the site to be acted upon. It is expected, then, 
that the time required to achieve kill would also be lowered. 

The final criteria in an evaluation of chemosterilizers are the na- 
ture and types of chemicals and their proper use. The final choice 
of a chemosterilizer in any given situation will be determined by its 
intended use. Where facilities are available, it may be possible to 
test these solutions to determine which will be the most effective for 
that particular purpose. One should bear in mind that here, too, pit- 
falls can occur. Methyl-2-cyanoacrylate, an adhesive, was reported 
to be self-sterilizing. Page and Borick (1967) showed, however, that 
spores could be recovered from the entrapped chemical by breaking 
up the adhesive with glass beads. 


TABLE IV 

Chemicals Which Exhibit Sporicidal Activity 
and Are Used as Chemosterilizers 


/3-Prop lolactone 

Chlorine iodine 

Ethylene oxide 

Formaldehyde-formalin 

Ethylene inline 

Glyoxal 

Propylene oxide 

Glutaraldehyde 

Strong acids and alkalies 

Succinaidehyde 

Phenohcs (heat) 

Per acids 


All available antimicrobial agents which show activity have not 
been tested for their sporicidal action. Some years ago, Borick et al. 
(1959; Borick and Bratt, 1961) was instrumental in the discovery of a 
series of compounds of higher amine salts of carboxylic and saturated 
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and unsaturated fatty acids. Although these show a high degree of 
microbiological activity against vegetative bacterial and fungal 
cells, to the best of the writers’ knowledge, they have not been tested 
against bacterial spores. It is recommended that the individual 
chemical (Table IV) be tested before use to determine sporicidal 
activity and ensure its use as a chemosterilizer. 

VI. Summary 

Although large numbers of antimicrobial agents are available for 
use, only a limited number show sporicidal activity and can be 
classified as chemical sterilizers (chemosterilizers). As with other 
methods of sterilization, a number of factors must be considered when 
chemical sterilization is employed. These include time, temperature, 
concentration, pH, numbers, and types of microorganisms to be de- 
stroyed, surface tension, the nature and kind of chemical agent em- 
ployed, and the proper use of the chemosterilizer. 

Various chemicals employed for this purpose are discussed and 
their nature and properties presented. Both gaseous and liquid 
chemosterilizers are available. Included here are /3-propiolactone, 
ethylene oxide, ethylene imine, proxylene oxide, strong acids, 
alkalies, phenolics accompanied by heat, chlorine and iodine, form- 
aldehyde, formalin, glyoxal, glutaraldehyde, succinaldehyde, and 
the per acids. 
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1* Introduction 

An outstanding feature which is immediately noticed when surveying the literature 
on the mode of action of antibacterial compounds is not only the diversity of publi- 
cations wherein data are found but also the diversity of experimental approaches 
used. It is interesting that this diversity often arises from the nature of the original 
discipline in which the research worker was trained. 

Work in this held has been going on for nearly 60 years and it is now possible to see 
some semblance of a pattern in antibacterial mechanisms. 

Since 1940 work on the mode of action of antibiotics lias paralleled work on disin- 
fectants and it is interesting to note that there are one or two substances classified 
as antibiotics, the mode of action of which closely parallels other substances classified 
as disinfectants or antiseptics, and it is hoped to draw attention to these similarities 
in the later discussion. Previous reviews on this subject include those made by Wyss 

[17] 
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(1948), by Hugo (1957) and by Newton (1958). A review dealing with the action of 
cationic agents on microbial cells has also recently appeared (Hugo, 1965a). 

It would be quite wrong to embark upon a discussion of weapons without knowing 
something about their ultimate target and in the case of chemotherapeutic agents 
something of the nature of the host. In this review, however, dealing as it does with 
disinfectants the prime target, the bacterial cell, is the one which must be considered. 

2. Structure of the Bacterial Cell 

The main structures in the bacterial cell which are relevant to this review are the cell 
wall, the cytoplasmic membrane within and the cytoplasm contained by this membrane. 
The internal osmotic pressure of this cytoplasm is quite high ; in Gram positive bacteria 
it may be as high as 30 atmospheres, and for Gram negative bacteria the highest 
recorded internal osmotic pressure is 8 atmospheres, but even this exceeds the typical 
pressure in a motor car tyre by a factor of 4. 

The cytoplasmic membrane has a very low mechanical strength, possesses special 
properties of permeability and regulates the passage of metabolites within the cell; 
it also contains certain essential enzymes. The cytoplasm, which is a semifluid material, 
contains all the remaining components necessary for the life of the cell, including 
enzymes not present in the membrane, reserves of food materials, structures involved 
in the synthesis of protein and the genetic material responsible for the inheritable 
character of the cell. 

It is to be expected that the cell wall must be of considerable mechanical strength 
in order to protect the weak cytoplasmic membrane from rupture under the influence 
of cytoplasmic osmotic pressure and indeed this has been found to be so. The cell walls 
of bacteria contain a rigid macromolecular network comprising a polymer of N- 
acetylglucosamine and iV'-acetylmuramic acid peptide, called murein. This structure 
is the main component of the cell walls of Gram positive bacteria and may occur in 
these organisms as a macromolecule of three concentric shells. In Gram negative 
bacteria the rigid network is thought to be only one molecule thick but in addition 
their cell walls contain up to 25% of their weight of lipoprotein and lipopolysaccharide. 
This notion is entirely compatible with the known greater resistance of Gram positive 
organisms to a mechanical rupture and to the fact that their cytoplasm is maintained 
at a considerably higher osmotic pressure than that of the Gram negative cells. It is 
perhaps worth mentioning that in the mycoplasma or pleuropneumonia-like organisms 
which are devoid of the rigid cell wall component the internal osmotic pressure is only 
c. 3 atmospheres. 

Bacterial membranes are characterized by a high lipid content. Detailed studies 
using special staining techniques and the examination of thin sections of bacteria 
in the electron microscope have suggested that the bacterial lipid is a multilayer 
structure consisting of up to three layers. Other membrane components include 
carbohydrates and proteins (Salton & Freer, 1965). 

In addition to acting as an osmotic barrier controlling the passage of metabolites 
into and out of the cell, many enzymes have been shown to be located in the membrane. 
Thus, the cytochrome respiratory pigments are almost invariably found to exist in 
the membrane. Other membrane enzymes include succinic dehydrogenase, acid 
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phosphatase, 2-keto-d-deoxy-6-phosphogluconate aldolase and reduced nicotinamide- 
adenine-dinucleotide oxidase (Hughes, 1962 ; Gray, Wimpenny, Hughes & Mossman, 
1965). The group of enzymes implicated in the active transport of metabolites and 
known as permeases (Cohn & Monod, 1957) are also located in the membrane. 

Clearly, therefore, damage to the membrane can result in both inhi bition of key 
enzymes and/or changes in the essential permeability of the cell with consequent 
leakage of metabolites to an extent which may interfere with the integrated reaction 
sequences associated with the normal metabolic processes. 

Many cells have, outside their true wall, additional so called extramural layers in 
the form of capsules or slime. These layers may be of significance in the resistance 
of bacterial to antiseptics. The possible role of surface lipid in this connection are 
considered in section 5(a). 

3. The Interaction of Antiseptics with the Bacterial Cell 

This may conveniently be considered as occuring in two phases: 

(a) The primary reaction with the cell; 

(b) Subsequent damage to a structure or structures in the cell. 

(a) Primary drugjcell interactions 

Using techniques which have been traditionally used by the physical chemist to 
study phenomena such as adsorption and electrophoretic mobility much has been 
discovered about the initial reaction of drugs and living cells. 

(i) Adsorption 

During the first decade of the present century Herzog & Betzel (1911) realized 
the importance of adsorption in the disinfection process in their studies with bakers 
yeast, and since then many others have measured the uptake of drugs by cells. These 
studies consist primarily of adding a suspension of the cells to a solution of the drug 
and at suitable time intervals removing a sample, centrifuging to remove the cells 
and determining the residue amount of drug in the cell free supernatant solution. 
Clearly if the cells are removing drug from solution the concentration of the drug 
in the supernatant fluid will diminish. From these data adsorption isotherms may be 
plotted and information concerning the rate of uptake and the total amount of uptake 
may be computed. Furthermore, by a consideration of the nature of the isotherm 
obtained some notion of the adsorptive mechanism may be inferred. This aspect 
of the work has been reviewed by Giles, MacEwan, Nakhura & Smith (1960). 

In brief, these authors considered four patterns of adsorption which they called 
S, L, H and C. The “S (S-shaped) pattern” is found when the solute molecule (a) is 
monofunctional, (b) has moderate intermolecular attraction, causing it to pack 
vertically and (c) meets strong conpetition for substrate sites, from molecules of 
the solvent or by another adsorbed species. Monohydric phenols when adsorbed on a 
polar substrate from water usually give this pattern. 

Tn the “L (Langmuir) pattern”, the initial curvature implies that as more sites 
are filled it becomes increasingly difficult for a bombarding solute molecule to find a 
vacant site. It may be inferred further that the adsorbed solute molecule is not 
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orientated vertically or that there is strong competition from the solvent, or if vertical 
orientation does occur there is strong intramolecular attraction between the adsorbed 
molecules. Amongst the phenols, resorcinol might be expected to show this type of 
behaviour. The “H (high affinity) pattern”, as its name implies, is obtained when the 
solute is almost completely adsorbed. Sometimes the process is also accompanied by 
an ion exchange process as is found in many bacteriological staining procedures. It 
is also shown by the uptake of iodine from an iodophor by yeast (Hugo & Newton, 
1964). 

The “C (constant partition) pattern” is obtained when the solutes penetrate more 
readily in to the adsorbate than does the solvent. It might be expected to occur in 
biological systems because it has been shown to occur, for example, when aqueous 
solutions of phenols are adsorbed by synthetic polypeptides. It might also be expected 
to occur when phenols are adsorbed from aqueous solution by bacteria containing 
a high proportion of lipid in their cell wall. 

More recent studies on the adsorption of antibacterial substances by micro-organisms 
include the uptake of cetrimide (CTAB) by bacteria (Salton, 1961), the adsorption of 
hexylresorcinol by Escherichia coli (Beckett, Patki & Robinson, 1969) of iodine by 
E. coli , Staphylococcus aureus and Saccharomyces cerevisiae (Hugo & Newton, 1964), 
of chlorhexidine by Staph, aureus and E. coli. (Hugo & Longworth, 1964) of basic 
dyes by fixed yeast cells (Giles & McKay, 1966) and of phenols by E. coli (Bean & Das, 
1966). 

Further information on the site of adsorption may be obtained by studying the 
process at different pH values but it should be borne in mind that both the ionization 
of the disinfectant as well as receptor sites on the cell surface may be affected by 
changes in pH (Salton, 1957a; Hugo & Longworth, 1964). 

(ii) Changes in electrophoretic mobility 

Bacterial cells are normally negatively charged and, if suspended in water or a suitable 
electrolyte solution containing electrodes to which a potential has been applied, the 
cells will migrate to the positively charged electrode. This phenomenon may be placed 
on a quantitative basis by observing the rate of migration of a single cell to the elec- 
trode by timing over a measured distance using a microscope and calibrated eyepiece 
micrometer. Once the system has been standardized the effect of drugs on mobility 
may be studied and from the data so obtained some notion of the drug cell interaction 
and the effect of drugs on the charged bacterial cell surface may be deduced. The 
subject of bacterial cell electrophoresis has been reviewed in detail by Lerch (1963). 

In addition, adjuncts to the electrophoresis of normal cells may be used to further 
elucidate the nature of the surface components and furnish information as to the nature 
of the active sites on the cell surface, and thereby possibly of drug/cell interaction. 

de Jong (1949), in studies on the reversal of the charge on certain colloids by cations 
at varying concentrations, found that a characteristic pattern of behaviour was 
shown as between phosphate colloids, carboxyl colloids and sulphate colloids. Now 
if pretreatment of bacterial cells at the appropriate concentration with cations corre- 
sponding to one of the above colloidal types was found to protect these cells, if only 
in part, from the action of a cationic disinfectant (chlorhexidine, a quaternary 
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ammonium compound (QAO) or a basic dye, for example) then it is presumptive 
evidence that the prime site of adsorption on the cationic binding s ite is of a similar 
chemical nature. Newton (1954) applied this technique in an investigation of the 
site of action of the polypeptide antibiotic, polymyxin. 

Yet another technique which may throw light on the nature of the surface and, 
by suitably planned experiments, of the binding site of drugs is to study the effect 
of enzyme pretreatment on the electrophoretic mobility of cells (James, 1965) paralleled 
by experiments on mobility and drug uptake on the same cells. Studies of the effect 
of antiseptics on the electrophoretic mobility of bacterial cells ha ves been extensive 
and the following are discussed by way of illustration. 

One of the first papers describing the use of electrophoresis to sfcudj? the interaction 
of an antibacterial compound with bacteria was that of Bradbury & Jordan (1942) 
who studied the action of sulphanilamide on E. coli. By comparing the behaviour 
of the bacterial cells when treated with the sulphonamide and by compounds with 
similar functional groupings such as aniline and ^-aminobenzoia ad 1 it was deduced 
that the association of the drug with the cell was via its free amino group. 

The first agent to be investigated was cetylpyridinium chloride (CPC). Using 
10 different organisms Dyar & Ordal (1946) found that in all Instances as the con- 
centration of the drug was raised the mobility of the cells towards the eeathode gradually 
decreased, then became zero and eventually the charge was apparently reversed and the 
cells now moved towards the anode. The actual concentrations of the drug to produce 
this pattern varied from species to species, as might be expected, beca use it is unlikely 
that the number of charged groups or the composition of the surface layers of different 
bacterial species will be the same ; clearly too, the presence of a eapsiale, microcapsule 
or slime might be expected to play some role in this phenomenon. 

Again using CTAB the problem was further investigated by bCcQuillen (1950). 
With the Gram negative E. coli McQuillen confirmed the findings oof Dyar & Ordal 
mainly with increasing concentration of CTAB, the surface negative changes as 
measured by electrophoretic mobility was gradually neutralized and reversed. How- 
ever, with the Gram positive Staph, aureus and Streptococcus fccecaEU a difference in 
behaviour was found, for here the mobility, after a slight decrease with increasing 
concentration, thereafter remained steady until at a concentration of 50 pM it rose 
sharply to attain a maximum some If times that of the normal cells ; it then fell back 
to zero and suffering eventual reversal. It will be recalled that Dyai & Ordal did not 
find any difference as between Gram positive and Gram negative species. McQuillen’s 
explanation for the behaviour of the Gram positive cells was that bhe net negative 
charge, and hence the mobility to the anode, increased by the adsorplSon of negatively 
charged molecular released from the cell by the action of the drug on the permeability 
barrier of the cell. That such release occurs is undoubtedly true and is discussed in 
section 3(b), (i). 

A direct correlation of mobility change and leakage would have been an interesting 
experiment in support of the above hypothesis. In addition, Gram negative cells, 
including E. coli , also lose cellular constituents of a similar nature to those lost by 
Gram positive cells on treatment with many types of antibacterial compound so that 
the situation is not necessarily yet fully explained. 
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Haydon (1956) calculated the zeta potentials (themselves a function of mobility) 
of E. coli from electrophoretic data and found that when the cells were suspended in 
a solution of phenol this potential decreased with contact time and fell to a steady 
minimum value after 15 min contact. Inorganic ions were found to retard the 
depressant effect of phenol on the zeta potential. 

The problem was investigated again by James, Loveday & Plummer (1964), using 
Aerobacter aerogenes and phenol, ^-alkylphenols and #-halogenophenols. These 
workers found that the electrophoretic mobility, i.e. the rate of migration to the 
positive electrode, increased with increasing concentration of all the phenols tested, 
the substituted phenols being more active than phenol itself. They compared the 
effects of their phenols on the mobilities and viabilities of the organisms and found 
parallelism between these two parameters. It existed in fact, not only between the 
maximum concentration required to produce minimum mobility but also between the 
minimum concentration required to produce maximum mobility, and if the logarithm 
of these values was plotted against the logarithm of the solubility of the phenols in 
water families of parallel regressions were produced. 

The effect of cell age and the extent of capsulation was also examined. It was not 
possible from these results, however, to delineate the exact mechanism whereby the 
phenols kill bacteria but certainly supplied additional support for Ferguson’s principle 
(Ferguson, 1939), which is discussed in section 4. 

Hugo & Longworth (1966), in their studies on the mode of action of chlorhexidine, 
measured the electrophoretic mobility of Staph, aureus and E. coli in the presence of 
the drug and compared this value with the uptake of the drug by the cells as measured 
by adsorption: the mobilities of both organisms decreased with increase in drug 
concentration. They concluded that the failure of chlorhexidine to neutralize the 
charge on E. coli at concentrations several times greater than the amount required 
to form a monolayer around the cells suggested that the drug is not adsorbed in the 
form of a monolayer. 


(b) Secondary drug /cell interactions of a general nature 

It is unlikely that adsorption of antibacterial drugs by the cell is in itself a fatal event, 
however, after the adsorption process secondary processes can be shown to occur, 
and these contribute to a greater or less extent to the inhibition of the reproductive 
and metabolic processes of the cell (bacteriostatic effect) and even to a rapid loss of 
viability (bactericidal effect). 

(i) Modification of cell permeability and leakage of cell constituents 

The phenomenon of haemolysis is well known and has been extensively studied. 
It can be induced by surface active agents (Schulman & Rideal, 1937; Pethica & 
Schulman, 1953), and in 1940 Kuhn & Bielig made the suggestion that QAC, because 
of their ability to dissociate conjugated proteins, might act on the bacterial cell mem- 
brane, a lipoprotein conjugate, and in a manner analogous to haemolysis damage it 
to the extent that the death of the cell ensued. Four years later, Hotchkiss (1944) 
obtained proof at the biochemical level that membrane damage was in fact occurring, 
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by demonstrating that nitrogen and phosphorus containing compo unds leaked from 
staphylococci when treated with QAC and the polypeptide antibiotic, tyrocidin. 

Gale & Taylor (1947) concluded that the lytic action of the antibacterial compounds 
they studied, which included CTAB and phenol, was sufficient to explain their 
disinfectant action. 

Later, Salton (1950, 1951), amply confirmed these observations and demonstrated 
that the bactericidal activity of CTAB up to that required to effect a 99*99% kill 
was related to the amounts of purine or pyrimidine containing components (as measured 
by material absorbing in the UV region of the spectrum at 260 m\x) leaking from the 
cells in 5 min. Similar observations were made by Beckett, Patki & Robinson (1958, 
1959) using hexylresorcinol; these workers found that with increasing concentration 
the amount of material absorbing at 250 mfx rose steadily and attained a maximum 
value which was short of the total pool of such material, i.e. the material releasable 
by mechanical disruption of the cell. 

Hugo & Longworth (1964) studied the ability of chlorhexidine to promote leakage 
of intracellular material and found an interesting diphasic leakage concentration 
pattern. The authors deduced from colateral evidence that whereas the first part 
of the curve was due to the normal increase of leakage with concentration, at higher 
concentrations the protoplasmic contents or cytoplasmic membrane became gradually 
coagulated so that the leakage became progressively less. Certainly electron micro- 
graphs of thin sections of bacteria taken after suitable dose treatments provided 
evidence in support of this view (Hugo & Longworth, 1965). 

Many solvents, including butanol (Pethiea, 1958), ethanol (Salton, 1963) and toluene 
(Jackson & de Moss, 1965), will cause the release of intracellular constituents, while 
maintaining cells in the temperature of boiling water for 10 min will release far more 
of such material than does antiseptic or solvent treatment. 

It is likely that solvents and antibacterial agents promote leakage of labile nucleic 
acids and their component purines, pyrimidines, pentoses and inorganic phosphorus, 
and in fact detection of all these substances is certainly used to determine membrane 
damage, but it is unlikely that this is a rapidly fatal process, and indeed there is evidence 
that this type of damage may sometimes be reparable (Pullman & Reynolds, 1965). 
However heat treatment probably releases ribosomal material, and Jackson & 
de Moss (1965) have produced evidence that toluene treatment of E. coli may 
release ribosomes. 

Yet another aspect of cytolysis may be observed in studies on the time course of 
cytoplasmic leakage. Very often a rapid initial release is often followed after an 
additional time lapse which may be of the order of hours by a further release of 
material; this may be due to a breakdown by autolytic enzymes of large molecular 
weight, or to ribosomal bound compounds or to a further time dependent damage to a 
permeability barrier. The two phenomena may be distinguished by conducting the 
experiment at 2° and at 36-40°. Nonenzymic lysis will be little different at 2° from 
that observed at the higher temperature: lysis due to enzymic action (secondary lysis) 
will be much less at 2° than at 36-40°. Polyene antibiotics are thought to interfere 
with membrane integrity (Lampen, 1966). 
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(ii) Lysis 

In the foregoing section the phenomenon of partial lysis resulting in loss of cyto- 
plasmic constituents was described. Under certain conditions complete lysis may be 
observed as indicated by a total or partial clearing of a turbid bacterial suspension, 
a process which may be conveniently followed by observing optical density changes 
at a suitable wave length. 

The phenomenon is well documented in the case of the enzyme lysozyme (Salton, 
19576; Gray & Wilkinson, 1965) and as a consequent of infection by bacteriophage, 
or of metabolic disturbance (McQuillen, 1950). In some instances it may be drug 
induced and may arise from (a) a secondary phenomenon due to the activation of 
autolytic enzymes, (b) a direct action on a component of the cell wall or (c) impairment 
of the biosynthesis of a rigid component of the cell wall. 

(a) One of the earliest inferences regarding secondary lysis was made by Pulvertaft & 
Lumb (1948) who found that phenol, formalin, mercuric chloride, sodium hypochlorite 
and merthiolate at bacteriostatic concentrations caused the lysis of certain bacterial 
cultures. The organisms tested varied in the extent to which lysis occurred, advanced 
lysis being found with staphylococci, pneumococci. B. subtilis and several strains of 
E. coli; less marked lysis was found with Shigella dysenteriae , very little lysis was 
found with Strep . haemolyticus and a nonhaemolytic streptococcus. With some 
organisms, although lysis was encountered at a low concentration of the antiseptic, 
it did not occur at the higher concentration. For example, at a phenol concentration 
of 0*045% a culture of E* coli underwent complete lysis, whereas at 0*54% no lysis 
occurred. A suggested explanation of these facts was that at the lower concentration 
lytic enzymes present in the cell were acticated by phenol. At the higher concentration, 
the lytic enzymes were themselves inhibited and thus no lysis occurred. The lytic 
phenomenon was not seen in older cultures. Delpy & Cbamsy (1949) found that thio- 
mersalate increased the susceptibility of B. antkmcis to lysis, and Norris (1957) con- 
firmed this observation with B. cereus. 

Schaechter & Santomassino (1962) noted that low concentrations of some mercurial 
compounds which included mercuric chloride, phenylmercuric acetate and merthio- 
late, caused lysis of growing cultures of E . coli. Isolated cell walls were not affected. 
They inferred interference with the formation of disulphide bonds in the cell wall 
but did not refer to earlier literature or suggest the activation of lytic enzymes. 

(b) Bolle & Kellenberger (1958) found that sodium lauryl sulphate lysed non- 
respiring (cyanide treated) cells of E. coli. The rod shaped organisms enlarged into 
globular forms and then underwent rapid lysis. Actively metabolizing cells were not 
susceptible. 

Working with walls isolated from 6 Gram negative bacteria Shafa & Salton (1960) 
found wall disagregation to occur and suggested that the breakdown was due to an 
action upon the lipid containing compounds of the wall. Lytic enzymes were not 
thought to be implicated in the observed effect. 

(c) The original observation of Fleming (1929) on the action of penicillin was that 
it lysed bacterial cultures: 36 years of research has now proved almost unequivocally 
that penicillin interferes with the biosynthesis of the rigid mucopeptide component of 
the bacterial cell walls. It prevents the formation of a peptide bridge between layers 
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of the acetylmuramic acid/iV -acetylglucosamine polymer; lysis occurs by osmotic 
explosion (Wise & Park, 1965; Tipper & Strominger, 1965). 

Although many antibiotics act by interference with cell wall biosynthesis only 
one other type of antiseptic, crystal violet, has been thought to possess this property, 
although the site of interference was thought to occur at a point earlier in cell wall 
synthesis than that at which the wall inhibiting antibiotics are known to act 
(Strominger, 1959). This experiment has not been repeated. 

Clearly, therefore, if an antimicrobial drug can be demonstrated to possess a lytic 
action its final effect may be due to one of several modes of action and experiments 
must be devised to determine which may be the operative mode. 

(iii) Irreversible general coagulation of cytoplasmic constituents 
This drastic lesion is usually seen at drug concentrations far higher than those 
causing general lysis or leakage. Historically it was the first cytologieal effect to be 
reported and in fact most antiseptics were classified as general protoplasmic poisons 
or as protein pr eeipitants . Indeed at concentrations used in many practical disinfection 
procedures this is undoubtedly the mechanism of rapid kill, the more subtle and 
more slowly fatal effects being completely masked. 

The cytoplasmic components most likely to be coagulated or denatured are proteins 
and nucleic acids, most studies having been made on the former. Proteins are complex 
structures consisting of a linear polymer of amino acids (the primary structure) cross 
linked by hydrogen bonding (the secondary structure), by disulphide bonds and by 
bonds of weaker structure such as electrostatic forces to give the tertiary structure. 
Functionally, proteins are of two main kinds in living cells, structural and enzymic. 
The high specificity of enzymes is due to the unique surface contour they present in 
their tertiary structural form and to the distribution of charges on this contour. The 
charges arise from residual charges on the carboxylic acid or amino groups of the 
constituent amino acids uninvolved in peptide bond formation. It is not difficult to 
imagine therefore that a derangement of this uniquely contoured and electrically 
charged unit can easily upset its function. 

As early as 1901, Meyer showed that the antibacterial action of phenols was pro- 
portionate to their distribution between water and protein thus suggesting that 
protein was a prime target. Cooper (1912) came to a similar conclusion working "with 
bacteria and phenols and decided that phenols destroy the protein structure within 
the cell. Bancroft & Richter (1931) actually observed a coagulation of cell protein in 
B. megaterium and A . aerogenes using the light microscope. 

Three main methods are available for studying protoplasmic coagulation micro- 
scopy, light scattering and direct observation on cytoplasm obtained from crushed 
cells. Microscopic studies may include careful and skilful observation with the light 
microscope or by examination of treated cells, or thin sections of treated cells, in the 
electron microscope. 

Example of studies by electron microscopy of whole cells treated with antibacterial 
compounds includes the work of Mitchell & Crowe (1947) (tyrocidin), Salton, Home & 
Coslett (1951) and Dawson, Lominski & Stem (1953) (CTAB), and on thin sections. 
C h a pman (1963) (colomycin) and Hugo & Longworth (1965) (chlorhexidine). 
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The last named authors found a correlation between the appearance of thin sections 
and inferential cytolytic damage obtained from measurement of cytoplasmic leakage. 
Thus at the concentration which caused maximum leakage, electron micrographs 
of thin section of cells treated at the same concentration showed a significant loss of 
electron dense material; at higher concentrations, which promoted no leakage due, it 
was thought to a general coagulation and sealing in of labile protoplasmic constituents, 
the electron micrographs showed a dense granular cytoplasm differing markedly in 
appearance from that seen in untreated cells. 

An interesting technique for studying protoplasmic coagulation is based upon 
protoplast formation. It is well known that certain bacteria may be deprived of thin 
cell walls, and if this deprivation is carried out in a medium, the osmotic pressure of 
which balances the internal osmotic pressure of the cell, then globular protoplasts 
are formed; if the original cell was rod shaped, a change from a cylinder to a sphere 
also occurs. Now if the same operation is carried out on cells which have been treated 
with an agent which coagulates or fixes the protoplasm, then on dissolving the cell 
wall the expected globular form is not seen. Instead, a rod shaped protoplast is produced 
which, if coagulation is severe, does not undergo on subsequent dilution the expected 
general lysis due to osmotic explosion (see for example, Tomcsik, 1955; Hugo & 
Longworth, 1964). Coagulation of cellular protein may affect the light scattering 
properties of cells and is a sensitive method of assessing changes in the absorbing or 
reflecting properties of treated bacterial cells. 

Yet another method consists of crushing the cells and investigating the action of the 
antiseptic directly on the cell free material so obtained. Although this system is in 
many ways an artificial one and the concentrations of the protoplasmic constituents 
may vary relatively and suffer enzymic degradation, it will give some indication of 
the order of concentration required to produce overt changes. Such experiments were 
made by Hugo & Longworth (1966) who, in their studies on chlorhexidine, found 
that protein and nucleic acid were precipitated from the cell-free juice of E. coli at 
concentrations of chlorhexidine far higher than those causing leakage. 

(iv) General effects on metabolism 

Early in the 1920’s, at the beginnings of the era of studies on bacterial metabolism, 
a number of workers began investigating the effect of various antibacterial agents, 
including toluene, on metabolic processes. In general, experiments took the form of 
observations on bacterial respirations measured either directly by oxygen uptake 
or by recording the reduction of methylene blue in the classical Thunberg technique. 

Quastel & Whetham (1925), during fundamental studies on the biological oxidation 
of alcohols by E. coli , noted that whereas at low concentrations ethyl and propyl 
alcohol were metabolized, methyl and the primary alcohols with chain lengths of 
C 4 ~C 8 were toxic to the cells; ethyl and propyl alcohols themselves were inhibitory 
at high concentrations and in order to function as a substrate had to be used at low 
concentrations. Another important observation was that the relative toxicity of the 
alcohols increased with increasing chain length. The studies were extended to phenol 
and to toluene, long used as a preservative in preparative and clinical biochemistry, 
and to other solvents such as benzene, cyclohexene, cyclohexane and acetone. All of 
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these substances exercised a general inhibitory effect although some selectivity was 
observed. The cyclic hydrocarbons were much more toxic to succinic dehydrogenase 
(now known to be a membrane bound enzyme in many bacteria) than was phenol. 
Selectivity was also shown to be a function of the substrate being used. Thus sugar 
dehydrogenations were found to be much more susceptible than those involved in the 
dehydrogenation of lactate or formate. Acetone prevents reproduction of bacteria 
while leaving at least some dehydrogenases unscathed (Cathcart & Hahn, 1902). 

Quastel continued in this field of study and in two papers (Quastel & Wooldridge, 
1927a, b) produced evidence that the site of dehydrogenation reactions was the cell 
surface and that the reason for the selective action of toluene in inhibiting the dehydro- 
genations of the sugars was that the responsible enzymes were associated with lipid 
material. Although it was also considered that the permeability in the cell might be 
affected, the role of an altered permeability was not considered to be significant. Cook 
(1930) showed that the velocity of acetate oxidation by E. coli , as measured in the 
Barcroft respirometer, was slightly faster with the toluene treated cells than with 
untreated ones and suggested that this effect was due to an increase in cell permeability. 
He was also able to show that toluene treated cells still retained their ability to oxidize 
lactate, formate and succinate. 

The next papers concerning the action of antiseptics on enzymes were published 
by Bach & Lambert (1937) who studied the effect of antiseptics and solvents on certain 
dehydrogenases of Staph, aureus. Their method was to expose the washed cells to the 
antiseptic for 30 min at 40° in both the presence and the absence of the substrate. 
Toluene, benzene and cyclohexanol were used in saturated aqueous solutions. The 
cells were than washed three times with water and their dehydrogenase activities 
measured by the Thunberg method. The lactic dehydrogenase was never totally 
destroyed by toluene, benzene, cyclohexanol, acetone or phenol and the presence of 
lactate reduced its apparent inhibition. In contrast iodine (1/10 4 ), mercuric cyanide 
(1 /10 6 ) , and copper sulphate (1 /10 2 ) completely destroyed the enzyme and no protection 
was afforded by the substrate. 

The work was extended to the glucose, succinate, formate, butanol, pyruvate, 
fumarate and glutamate dehydrogenases. The glucose, formate and butanol systems, 
like the lactate, were only partially inactivated by benzene, toulene, acetone or phenol, 
while systems activating succinate, fumarate, pyruvate and glutamate were com- 
pletely destroyed. 

Sykes (1939) also investigated the action of disinfectants on the succinate dehydro- 
genase of E. coli. His method differed from that of Quastel & Wooldridge and of 
Bach & Lambert in that the cells were treated at room temperature and after an 
interval substrate, buffer and methylene blue were added. The tubes were then 
evacuated and filled -with nitrogen, placed in a water bath at 37° and the time taken 
to effect a 90% reduction of the dye measured. For phenol, viable counts were made 
on the suspensions after treatment; with other compounds subcultures were made 
to test for residual viability. Sykes concluded that the concentrations of p-chloro- 
m-cresol, hexylresorcinol, p-butylphenol, amyl-wi-cresol, phenol and ethyl, isopropyl, 
w-butyl and 71 -amyl alcohols required to completely inhibit the succinate dehydro- 
genase were always slightly in excess of the minimum lethal concentrations. 
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Dagley, Dawes & Morrison (1950) grew cells of A. aerogenes in a synthetic medium 
containing glucose, potassium dihydrogen phosphate, ammonium sulphate and 
magnesium sulphate, and found that a progressively increasing lag phase was intro- 
duced by increasing the doses of phenol. This lag could be abolished or reduced by the 
addition of a culture filtrate of the synthetic medium in which the organisms had 
been growing, or by L-leucine, DL-methionine, or L-glutamic acid and also by a-oxo- 
glutaric or succinic acids. On the other hand other amino and carboxylic acids were 
found to increase the lag period, DL-aspartic or fumarie acids being examples. The 
bacteriostatic effect of phenol was thought to be due to its inhibition of the synthesis 
of metabolites essential for rapid cell division. 

Hugo & Street (1952) studied the effect of phenol and phenoxetol on the oxidation 
of certain substrates by washed suspensions of E. colt, and showed that O’ 1-0*2% 
of either caused a stimulation (10-20%) of the rate of oxygen consumption when 
glucose, ma nni tol and lactose were used as substrate but a marked inhibition (10- 
15%) when lactate, pyruvate, acetate or succinate was the substrate. No changes 
in the viable population and no uncoupling effect could be demonstrated. It was 
thought that the enzymes mediating the stimulated reaction were situated within 
the cell and the first action of phenol and phenoxetol was to increase the permeability, 
thus facilitating the access of substrate to enzymes within the cell. The marked 
inhibition of lactate and succinate activity could be interpreted if the enzymes re- 
sponsible for their oxidation were located at the surface of the cell. Partial confir- 
mation was obtained (Hugo, 1956) by comparing the action of phenol and phenoxetol 
on a disrupted preparation of E. coli which was capable of oxidizing glucose and 
lactate. No stimulation of glucose oxidation was obtained with the disrupted prepara- 
tion and the oxidation of lactate appeared less sensitive in the disrupted preparation 
than in the intact cell. Disruption of the cell would have the effect of destroying the 
statics quo of enzyme location, thus the diffusion barrier represented by a cell wall or 
cell membrane would no longer function and a reaction stimulated by an increase 
in the permeability of the barrier would not be expected to undergo stimulation in a 
disrupted preparation. Similarly, enzymes located at a cell surface and therefore 
immediately exposed to the action of an adverse environment might appear less 
susceptible when the cells have been disrupted. 

The action of 2 : 4-dinitrophenol (DNP) and certain other nitrated and halogenated 
phenols on the metabolic reactions of micro-organisms are of considerable interest. 
Shoup & Kimler (1934) found that DNP at first stimulated and then depressed the 
rate of respiration of certain luminous bacteria. Stimulation does not occur, however, 
with all substrates tested; Krahl & Clowes (1935) and Genevois & Creach (1935) 
detected no stimulation in the respiration of yeast with lactate, pyruvate or glycerol as 
substrates. 

Simon (1953a, 6) made a detailed study of the action of phenol and certain nitrated 
phenols on the respiration, assimilation and fermentation of glucose by a yeast isolated 
from a sample of commercial baker’s yeast. 3 :5-Dinitro-o-oresol in concentrations of 
10~ 5 M stimulated the amount of oxygen used by as much as 1*7 times. At high con- 
centrations the consumption of oxygen was inhibited and aerobic fermentation 
appeared, which reached a peak at about 10 -4 m and then was progressively inhibited. 


38 



29 


The mode of action of antibacterial agents 

In the absence of inhibitors the uptake of oxygen by washed yeast suspensions with 
glucose is about only half that required for complete oxidation according to the 
equation C 6 H 12 0 6 -f 60 2 = 6C0 2 +6H 2 0. But in the presence of 2 x 10~ 5 M of the cresol, 
an oxygen consumption corresponding to 93% of the total requirement was obtained. 

It was assumed that the action of the cresol at concentrations rising to 10“ 5 M was to 
prevent assimilation of glucose, and this accounted for the increased use of oxygen, 
that proportion of glucose assimilated by normal cells being now oxidized by molecular 
oxygen, o- and jp-Nitrophenol gave similar results. Phenol, although it did not stimti- 
late respiration, did inhibit assimilation. 

Simon (1953c) believed from an analysis of his result that dinitrocresol acts as an 
uncoupling agent and that both oxidative assimilation and the rate of glycolysis 
are controlled by the level of energy rich phosphate. He concluded that there was 
little doubt that both the stimulation of respiration and the inhibition of oxidative 
phosphorylation is profoundly influenced by nitrophenols. The results obtained 
with phenol provided no clear evidence of any effect on phosphorylation. 

The general effect of nitration or chlorination of phenol is to increase its bactericidal 
properties but the additional uncoupling effect on metabolism should not be overlooked. 

With the introduction of the QAC, detailed studies similar to the above were com- 
menced with a view to investigating the mode of action of this class of compound. 
Thus Baker, Harrison & Miller (1941a, b) made a systematic investigation of the 
effects of anionic, cationic and nonionic synthetic detergents on the aerobic and 
anaerobic respiration of glucose by washed suspensions of Staph, aureus, Staph, alhus. 
Micrococcus tetragenus, E. coli , Proteus vulgaris , Salmonella paratyphi , Sarcina lutea , 
Pseudomonas aeroginosa (pyocyanea), A. aerogenes, Shig . dysenteriae and a lacfco- 
bacilius, and concluded that all the cationic detergents were effective inhibitors of 
respiration at concentrations of 333 {xg/ml, that the Gram negative and Gram positive 
organisms were equally affected and that depression of metabolism and extent of 
kill were roughly parallel. The test of killing, however, was based on an end point 
method capable only of showing either a 0% or 100% kill. They also noted that 
certain detergents stimulated bacterial metabolism at subinhibitory concentrations, 
a phenomenon they found much more commonly amongst the anionic detergents. 

Ordal & Borg (1942) studied the effect of CPC and sodium dioctylsulphosuccinate 
on the oxidation of lactate by E. coli and Staph . aureus using both molecular oxygen 
and methylene blue as hydrogen acceptors, and found that the lactate-methylene blue 
system of Staph, aureus was far more susceptible than was E. coli . When molecular 
oxygen was the final hydrogen acceptor, lactate oxidation by Staph, aureus was 
inhibited by both compounds, in contrast to E. coli in which only the cationic (pyri- 
dinium) compound was inhibitory. It was concluded that the terminal oxidative 
enzymes of lactate oxidation in E. coli are more susceptible than those responsible for 
the reaction when an artificial carrier is the final hydrogen acceptor, and it was 
suggested that the cytochrome system responsible in E. coli , for the mediation of the 
reduction of molecular oxygen was either more susceptible or more accessible to the 
action of the surface active agent. 

Sevag & Boss (1944) made a systematic study of the action of the cationic compound 
Zephiran (an alkylmethylbenzylammonium chloride) on certain enzyme systems of 
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baker’s yeast. Ia the first place, at a concentration of 1000 (xg/ml, the 545—565 and 
605-625 mjx absorption bands of cytochrome c in yeast cells were reversibly diminished 
in intensity (quantitative measurements of the reduction in intensity of the bands 
were not made, their value being estimated by inspection with a hand spectroscope). 
The cytochrome-cytochrome oxidase system was investigated by following the 
oxidation of p-phenylenediamine colorimetrically and manometrically. Inhibition 
of this system was complete at a Zephiran concentration of 2*8 (xg/ml, with a Zephiran- 
yeast ratio of 50-100 [xg/mg dry wt of yeast. The oxidation of glucose by molecular 
oxygen was inhibited to the extent of 91% at Zephiran-yeast ratios of 33*3 (xg/mg 
dry wt of yeast. When methylene blue replaced oxygen as the final oxygen acceptor, 
inhibition was 97% for Zephiran-yeast ratio of 25-33*3 fxg/ml dry wt of yeast. 
Further experiments by the authors attempted to relate inhibition of growth with 
inhibition of respiration, using as substrate glucose in phosphate buffer. At Zephiran 
concentrations of 4*5-18*2 fxg/ml, a stimulation of oxygen uptake of 54-60% was 
obtained whilst the inhibition of growth was 64-83%. 

Knox, Auerbach, Zarudnaya & Spirtes (1949), studied the effect of 5 QAC and other 
detergents on the lactate oxidation and dehydrogenation, the glucose and hexose 
diphosphate oxidation and glycolysis, the oxidation of pyruvate, formate, alanine 
and succinate, arginine decarboxylation and the aldolase activity of E. coli. In the 
experiments on the inhibition of glucose oxidation, the percentage kill was determined 
at the end of the experiment by means of a viable count of the contents of the Warburg 
flask, and in certain cases cell free enzymes were prepared and the effect of the detergents 
on their activities compared with the effect on the intact cells. The concentration 
of each of the 5 compounds to produce 50% kill and 50% inhibition of glucose and 
lactate oxidation was determined and a correlation between killing and inhibition of 
glucose oxidation obtained. It is possible, however, that the figures for the viable 
counts reported in this work were low, as dilutions were plated out into Endo’s agar 
and counts made after 24 h (it is customary to count after 48 or even 72 h), and no 
attempt was made to neutralize the cationic detergent or to overcome the clumping 
that occurs with this class of compound. 

Some data on selective resistance of enzymes also emerged from this work. Thus 
the detergent/bacterial nitrogen or dry weight ratio for 50% inhibition of lactate 
oxidation of intact cells by Zephiran was 180 [xg/mg of N (19*8 (xg /mg dry wt of cells) 
a higher figure than the corresponding values for glucose (88-90 fxg/mg of N, or 
9*6-9*7 jxg/mg dry wt of cells). A considerable stimulation of lactate oxidation by 
subbactericidal amounts of this detergent was reported. No actual figures were given 
for the extent of stimulation nor was further comment made on this observation. 
The arginine decarboxylase activity of intact cells was found to be remarkably resistant 
to Zephiran, and at certain concentrations marked stimulation of its activity noted. 
This stimulation was not shown to such a marked extent with a cell free arginine 
decarboxylase, and the authors interpreted it as being due to an increase in the 
permeability of the intact bacterial cell to the substrate. 

A cell free preparation which catalysed the oxidation of lactic acid to pyruvic 
acid by molecular oxygen was prepared by grinding the cells for 3 h in a Booth-Green 
mill and centrifuging the resulting slurry after diluting with an equal volume of water. 
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The inhibition of this enzyme was of the same order as that of glucose oxidation by 
intact cells and the percentage killing of the cells. All these effects were proportional 
to the detergent/cell (or enzyme) N ratio rather than to the concentration of the 
detergent, and it was finally concluded that the specific inhibition of detergent sensitive 
enzymes can account for the metabolic inhibition, cell death and increased permeability 
observed in bacteria with bactericidal amounts of cationic detergents. 

It is difficult to see how metabolic inhibition and cell death, which occur to the same 
extent, can be accounted for by the fact that a lactic oxidase, or for that matter any 
other enzyme, is inhibited by detergents, unless this reaction is shown to be essential 
for the metabolism of the cell. It is even more difficult to see how such enzyme sensiti- 
vity can account for the increased permeability shown. The stimulated lactate 
oxidation by intact cells in the presence of subinhibitory concentrations, however, 
may be attributable to a change in the permeability of the cell to substrate or co- 
enzyme, the reason given for stimulated arginine decarboxylase activity fo un d 

More recently the problem has been re-investigated by Armstrong (1957). Using 
baker’s yeast as the test organism, and with the aid of 6 cationic compo unds , he 
examined the relationship between cytolytic damage, as measured by loss of total 
phosphorus from the cell, and metabolism, as measured by production of acid and 
carbon dioxide from glucose, and concluded that the initial toxic reaction was a 
disorganisation of the cell membrane and this was followed by inactivation of the 
cellular enzymes. He also noted that low concentrations (O-lxlO” 3 m, equivalent to 
0*8 (jtg/mg dry wt of yeast) of the QAC usually caused small and rather variable 
increases in acid production. 

Scharff & Beck (1959) made a detailed investigation of the often reported st imulan t 
effect on metabolic reactions caused by low doses of surface active agents. They 
studied the effect of benzalkonium chloride on the anaerobic and aerobic metabolism 
of glucose by baker’s yeast and noted that glucose metabolism under anaerobic 
conditions underwent progressive inhibition at all concentrations of benzalkonium 
chloride tested, but that in the presence of air uptake of oxygen and output of carbon 
dioxide were stimulated, the former by 33% the latter by 50%, peak stimulation 
occurring at benzalkonium concentrations of 3-5 (jig/mg dry wt of yeast. It was 
deduced in addition, both from measurements of C0 2 production and from glucose 
utilisation, that the Pasteur effect was inhibited. This work was extended by Scharff 
& Maupin (1960) who studied membrane damage as determined by the loss of potassium 
ion from the cell, and they distinguished two zones of activity depending on the concen- 
tration of benzalkonium chloride. In the first, the pre-lytic zone with concentrations 
of benzalkonium chloride of <4 fxg/mg dry wt of yeast: (i) oxygen consumption was 
increased, (ii) the Pasteur effect was inhibited, (iii) membrane permeability was not 
appreciably altered and (iv) fermentation was not appreciably affected. In the second 
zone (>4-5 fxg of benzalkonium chloride/mg dry wt of yeast) : (i) cell permeability 
was affected as demonstrated by loss of K + , (ii) fermentation was inhibited and (iii) 
decarboxylation of exogenous pyruvate was initiated. 

Examining the carbohydrate metabolism more carefully they found that in zone 2, 
fermentation of glucose and decarboxylation of exogenous pyruvate were respectively, 
directly and inversely correlated. A close correlation between loss of potassium, 
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inhibition of glucose fermentation and appearance of pyruvate decarboxylase activity 
over a range of QAC concentrations was observed. All experiments were performed 
at pH 5*5 on ‘resting* cells of the yeast. The inhibition of fermentation was thought 
to be due either to the loss of essential cofactors or to an interference with glucose 
transport into the cell rather than to a direct action on the enzymes themselves, 
because the concentrations bringing about the inhibition did not inhibit the individual 
enzymes studied in isolation, 

The conversion of pyruvic acid to acetaldehyde and ethanol at pH 5*5 only after 
treatment with the QAC was thought to be attributable directly to a change in mem- 
brane permeability to the substrate, thus allowing it to pass into the cell. In contrast, 
the metabolism of glucose-1- and -6-phosphate, fructose-6-phosphate, hexose diphos- 
phate and 3-phosphoglycerate was not so facilitated. The enzymes responsible for the 
glycolysis cycle may not have been activated, either because the increased membrane 
permeability is not a factor in their activation or because the activity is impaired by 
loss of cofactors. This latter contention is certainly feasible as the potassium ion is an 
activator for ketohexokinase. 

More recently the precise mechanism of the stimulation of oxygen uptake with 
glucose as substrate in baker’s yeast by benzalkonium chloride has been elucidated 
by Bihler, Rothstein & Bihler (1961). 


Glucose 



Fig. 1. Glucose metabolism by yeast, and possible sites of action of benzalkonium 
chloride. 

The metabolic routes of glucose metabolism by yeast in the presence of air is shown 
in Fig. 1. Predisposition to the ‘aerobic fermentative’ pathway (so called because 
although taking place in air, the metabolic products are as found in glycolysis) is 
caused by a high initial glucose concentration in the medium. Thus with 0*11 m- 
glucose, the ‘aerobic fermentation’ was negligible but reaches a maximum with a 
xlOO increase in glucose concentration. The same result can also be obtained by 
adding excess of C 2 compounds (acetate or acetaldehyde) to the reaction mixture, 
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and also with benzalkonium chloride at low (pre-lytic) concentrations. It is clear that 
the benzalkonium cannot increase the amount of glucose in the system but, by 
blocking the further oxidation of acetate in the Krebs cycle, it could cause an accumu- 
lation of acetate, thus producing the effect already noted when excess of the C 2 com- 
pounds are added. Hence it can be assumed that in yeast, the acetaldehyde ^acetate, 
or the acetate ^coenzyme A reaction must be unduly sensitive to benzalkonium 
chloride. 

Toluene, already aluded to, will activate (3-galactosidase (Herzenberg, 1959), arabinose 
isomerase (Dobrogosz & de Moss, 1963) and alkaline phosphatase (Levinthal, Singer & 
Fetherhol, 1962) either by altering permeability by action on the cytoplasmic mem- 
brane or by removing a layer of lipid which is masking access to the active site. 

In summary however, despite the large volume of work there is little evidence that 
the effect of antiseptics on bacterial metabolism is anything but the result of a number of 
secondary nonspecific effects, with the possible exception of the reaction described 
by Bihler et al. (1961) and the uncoupling effect noted with nitrated phenols. 



(c) Drugj cell interactions in which the nature of the interaction is 
known with some precision 
(i) Interaction with thiol (sulphydryl) groups 

One of the constituent amino acids found in both structural and enzymic protein is 
cysteine, SH.CH 2 .CHNH 2 .COOH. The SH group derived from cysteine residues 
is essential for the activity of many enzymes, for example, coenzyme A and triosphos- 
phate dehydrogenase (Barron, 1951). Undoubtedly, many disinfectants either react 
with or oxidize this essential group and, what is more interesting, this sulphydryl 
poisoning may be reversed in some cases by adding a sulphydryl compound to the 
environment in which the toxic action is taking place. Sulphydryl inactivation, as 
it is called, can be divided into two broad categories, one in which actual combination 
occurs and so gives rise to inactivation, and a second in which oxidation occurs again 
causing inactivation. 


(a) Combination with sulphydryl enzymes . Many metals such as mercury, silver, copper 
and the element arsenic react with sulphydryl enzymes to form mercaptides. Thus 
with mercuric chloride the reaction may be envisaged: 


SH S 

enzyme + HgCl 2 enzyme Hg + 2HC1. 

\h / 


The fact that this reaction occurred and can be reversed by a thiol compound was 
commented on as long ago as 1889 by Geppert, and it is interesting to note also 
that Robert Koch during his studies 011 the chemical disinfection of B. anthracis 
attributed a much greater value to the antibacterial activity of corrosive sublimate 
because combination of mercury with bacterial sulphydryl groups under some circum- 
stances was reversible or was bacteriostatic only, and if the cells were placed in 
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conditions where the mercurial salt could be removed from the SH groups the cells were 
capable of growth. Knowledge of the action of sulphydryl eombinants and their 
reversants has been exploited in formulating inactivators for the sterility testing 
of solutions containing mercury or arsenic using tliiogly collates (Sykes, Royce & Hugo, 
1952; Cook & Steel, 1960) and in the formulation of dimercapt-o-propanol for the 
treatment of Lewisite (arsenic) poisoning, and in other metal intoxications which 
may occur during medication or accidental over dosage. 

(b) Oxidation of sulphydryl enzymes and the action of oxidizing agents . Oxidizing agents 
may progressively oxidize sulphydryl groups to disulphides and even to sulphoxides 
or sulphones. Mild reducing conditions may be expected to reverse the reaction 
leading to disulphide formation, but if oxidation proceeds to the sulphoxide or 
sulphone stage this reaction is biologically at least, irreversible. 

2 R-S-H- £9 R-S-S-R - R-S-S-R - R-S-S-R 

\ 1 4 1 

(thiol 0 0 0 

compound) (disulphide) (sulphoxide) (sulphone) 

Examples of disinfectants which probably act in this way are the halogens (Knox et al ., 
1949) and potassium permanganate, but the antibacterial activity of halogens may 
be due also to their ability to halogenate essential groups. 

(ii) The action of metal binding agents 

Another interesting facet of cellular oxidation is afforded by accummulated know- 
ledge of the mode of action for 8 -hydroxy quinoline (oxine) . This mixed with potassium 
pyrosulphate was introduced as a disinfectant at the end of the last century under 
the trade name Chinosol. Because it is able to form co-ordination compounds with 
many metals it was thought that its action was due to the fact that it deprived the 
growing bacteria of metals essential for their metabolism (Zentmeyer, 1944). Detailed 
studies of Albert and his colleagues revealed that the compound was inactivated 
when iron or copper were absent from the culture medium and suggested that the 
lethal agent was the structure shown in formula I (Rubbo, Albert & Gibson, 1950). 



Even more interesting is the fact that if the concentration of oxine was increased its 
toxicity apparently decreased, the so-called concentration quenching (Albert, Gibson 
& Rubbo, 1953). This paradox was explained by the fact that at higher concentrations 
the mass action effect caused the formation of the structure shown in formula II. 
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This was relatively nontoxic, and it seemed therefore that the action of 8-hydroxy- 
quinoline was to form structure I which then entered the cell and oxidized with sulphy- 
dryl groups. It has also been shown that in addition to iron and copper, nickel, zinc, 
cadmium, manganese and calcium were co-toxic with oxine. Cobalt, however, behaved 
in an interesting and anomalous way in that it protected bacterial and fung al cells 
from the toxic action of oxine and its chelate compounds with iron and copper. 

It has been suggested that cobalt owes its unique property to its ability to destroy 
peroxide formed during the oxidation of cell constituents by metals or metal chelates 
in the presence of atmospheric oxygen. Hydrogen peroxide formation is considered a 
secondary cytotoxic reaction of certain metals or metal chelate but if this theory is 
correct then peroxide formation must be a major contribution to the toxicity of the 
metals. For a comprehensive review of the application of metal-binding agents in 
bacterial chemotherapy see Albert (1959). 

It is interesting to note that many metals themselves exert a toxic action on bacteria 
and this action also may be reversed by thiol compounds. This effect was known 
although not understood by the Persians of antiquity who found that water stored 
in silver vessels did not develop an unpleasant taste; metals are not completely 
insoluble in water and sufficient will go into solution to exert a toxic effect. This 
phenomenon has been graced with the rather high sounding name of the oligodynamic 
action of metals. 

(iii) Interaction with amino groups 

Bacterial cells are known to contain amino groups, where they occur as residues in 
proteins and peptides and in the free amino acid pool. Formaldehyde, a potent and 
effective bactericide, is thought to act by combination with amino groups. Its action 
may be inhibited and sometimes reversed by the addition of ammonia or soluble 
amines. 

Halogens, in addition to their oxidizing action, may also act by halogenating amino 
groups with the formation of chloramines. 

(iv) Interference with oxidation reduction systems 

Derivatives of nitrofuran are widely used as disinfectants, especially for the treat- 
ment of bladder infections. Cramer (1947) showed that these drugs are reduced by 
bacterial enzymes and postulated that their inhibitory action arises from their 
preferential reduction over the natural energy yielding substrates in the cell, thereby 
depriving the cell of the necessary energy for growth. 

Nitrated phenols which although they are not used as bactericides are used 
extensively in agriculture, are able to interfere with oxidative phosphorylation 
(Hemker, 1964). Other manifestations of their action have been referred to under 
phenols (see section 3(b), (iv)). 

(v) The mode of action of triphenylmethane dyes 

Dyes, both natural and synthetic, were used in histology in the 1870’s, and towards 
the end of the 19th century it was noted that certain of them inhibit bacterial growth. 
Systematic studies by Churchman and his colleagues (Churchman, 1912; Churchman & 
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Michael, 1912, 1913) elucidated the important generalization that basic dyes are 
more effective than acidic dyes, a generalization that was to be paralleled in later 
years by the finding that basic (cationic) surface active agents were more effective 
than acidic (anionic) ones. 

Steam & Stearn (1924a, b), in their studies on the mechanisms of bacterial staining 
and the effect of pH on the process, suggested that the cations of the triphenylmethane 
dyes combined with carboxyl residues in proteins and this reaction accounted for 
bacteriostasis. Quastel & Wheatley (1931), using the Thunberg technique, investigated 
the action of 29 dyes on the oxidation of glucose, lactate, succinate and formate by 
washed suspensions of E. coli and confirmed the findings of Churchman that the 
basic dyes were more toxic to the multi-enzyme systems necessarily studied by this 
technique than were the acid dyes. 

In another significant experiment (Quastel, 1931), this time using fumarase from 
If. lysodeikticus and E. coli, it was noted from a comparison of the action of dyes on 
both intact cells and a cell-free enzyme that shows the pattern of differential action as 
between acid and basic dyes was repeated in experiments with whole cells, the toxicity 
of acid dyes was much greater, indeed approaching that of basic dyes in the cell free 
system. It was concluded that a cause of selectivity as between acid and basic dyes 
lies rather in their ability to penetrate the cell rather than in their intrinsic activity. 

In further studies on the effect of dyes on metabolism, this time of baker’s yeast, 
Armstrong (1958) again proved that in the case of whole cells, the basic dyes were 
far more inhibitory towards the production of acid and C0 2 from glucose than were 
acid dyes. Cell free preparations were not examined. 

Much later Gale & Mitchell (1947) correlated the apparent lipid/water partition 
coefficient of a series of triphenylmethane (TPM) dyes with their bacteriostatic 
value towards Strep. faecaMs and also with their ability to interfere with the intra- 
cellular metabolism of glutamic acid. It was inferred that the intensity of activity 
was dependent upon the ease in which the dyes could penetrate the cell, and lipid 
solubility was a property which assisted in this penetration because the cytoplasmic 
membrane was lipid in nature. These ideas are in accord with the findings of Quastel 
in his work on dyes and bacterial fumarase. On the other hand, Lowick & James 
(1957) showed that cells that had become resistant to crystal violet by training con- 
tained a lipid layer at their surface. It is clear from these experiments, and those of 
Hugo & Franklin (1966), that membrane lipid may behave quite differently to extra- 
mural lipid in its effect on drug penetration. 

A further contribution to the understanding of the mode of action of TPM dyes 
followed from the observations by Gale & Mitchell (1947) and Elliot & Gale (1948) 
that crystal violet interfered with glutamic acid metabolism. 

Fry (1957) later showed that glutamine synthesis in Staph, aureus was inhibited by 
several TPM dyes. The effect of pH and the magnitude of the basic dissociation 
constant of the 6 dyes examined was also investigated. It was thought likely that 
the dyes combined with the enzyme or enzymes concerned with glutamine formation, 
presumably a glutamic acid decarboxylase, and that the shape and charge on the 
dye cation the active species— enabled it to occupy a site nor ma lly needed by the 
substrate for its activation and chemical reactivity. 
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Yet another interesting and specific metabolic lesion reported in the literature was 
that gentian violet was able to interfere and prevent the synthesis of the mucopeptide 
of the cell wall of Staph, aureus but at a point earlier in the sequence than that at which 
the wall inhibiting antibiotics are known to act (Strominger, 1959). However a repe- 
tition of this experiment with 6 different samples of crystal violet failed to demon- 
strate evidence of wall inhibition. 

(vi) Interference with the functioning of nucleic acids: the mode of action of acridine dyes 

Acridine dyes, first introduced into medicine as trypanicidal agents, have been 
extensively used as antibacterial agents, and a large amount of work has been carried 
out on their mode of action. As with the TPM dyes it was early realized that the 
cation was the active species. Mcllwain (1941) showed that nucleic acids antagonised 
the antibacterial action of acridine dyes and Ferguson & Thorne (1946) after studying 
the effect of a series of acridine compounds on the growth and respiration of E. coli 
concluded that they inhibited reactions closely connected with synthetic processes. 

In 1961, Lerman, in studies on the physical properties of acridine/DNA complexes, 
suggested that these dyes could fit or intercalate between adjacent base pairs in the 
double helix of the DNA molecule. Further experiments confirmed this fact, which 
is compatible with the observation of Mcllwain (1941) that nucleic acids antagonize 
the action of acridines, with the observation of Albert (1966) that molecular size and 
shape are of importance in determining the relative potency of acridines and with 
Ferguson & Thorne's (1946) observation that acridines inhibit synthetic processes, for 
as a result of the intercalation the unique geometry of the DNA molecule is distorted 
with subsequent profound sequelae. This property of intercalation is shared by some 
antibiotics e.g. actinomycin. 

For a detailed coverage of this facet of acridine action the review of Waring (1966) 
should be consulted. 


4. Structure/Action Relationships 

Since the introduction of phenol into medicine and its dramatic exploitation by 
Lister in the 1860’s many derivatives have been used and tested. The accumulated 
data now available enables certain generalizations to be drawn and these will be 
considered briefly in relation to the effects of halogenation, nitration and alkylation. 
(For an extensive review on this topic the paper by Suter (1941) should be consulted). 

Halogenation of the aromatic nucleus increases antibacterial activity, and so does 
alkyl substitution. Combinations of these two substituents also results in a compound 
with increased activity. With a single substituent group, be it halogeno or alkyl, 
p substituted products are more active than their 0 or m isomers. 

With the alkyl substituent, a normal alkyl derivative is more active than the corres- 
ponding branch chained derivative of the same number of carbon atoms, and like- 
wise multisubstituted alkylphenols are less active than the mono-alkyl substituent 
with the same number of carbon atoms, e.g. 5z/?n-trimethylbenzene (mesitylene) is 
very much less active than is p-?i-propylphenol. On the other hand, activity in the 
normal alkyl series often reaches a maximum with the hexyl or heptyl compound. 
When substitution includes both an alkyl radical and a halogen, then in general (1) 
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o-alkyl derivatives of p-halogenated phenol are more active than p-alkyl-o-halogeno- 
phenols. 

Apart from the difference between phenol and any one alkylphenol, the behaviour 
of a regular series of phenols or alcohols has been undertaken into this extension of 
the structure action relationship. As early as 1926 Tilley & Shaffer compared the 
toxicity of a homologous series of primary alcohols (n-ethyl to n-hexyl) with their 
ability to kill Salm. typhi and their data showed a linear relationship between the 
logarithm of the lethal dose against the number of carbon atoms in the alcohol. This 
in turn is related to their relative solubility in water and in oil. Coulthard, Marshall 
& Pyman (1930) studied the relationship between the phenol coefficient and the 
degree of alkylation of the 4- (p - ) alkylphenols . They found that peak activity was 
obtained with the n-pentyl (4-n-amyl) phenol. The solubility of these compounds 
in water decreased steadily and suggested that both surface activity and partition 
coefficients were of significance in determining the ultimate toxicity of the compound. 
Of equal interest too, was the finding that in studies on the n-l-alkyl derivatives of 
4-chlorophenol maximum activity was not the same for all bacteria; thus for Salm. 
paradysenteriae the maximum activity was with the rc-hexyl derivative, Myco- 
bacterium smegmatis with the w-heptyl, and for Staph, aureus the n - octyl compound. 

Richardson & Reid (1940) and Fogg & Lodge (1945) further demonstrated that the 
oil/water partition coefficients were significant in determining the relative potency 
of phenolic compounds towards bacteria. 

At the beginning of this century Meyer (1901) had formulated a general theory to 
explain what they called narcotic action, or what may also be called general non- 
specific poisoning, and concluded that differing lipid solubility, or any differences in 
distribution between an oily phase and water, could account quantitatively for 
differences in observed effects; the above examples support it. 

In 1939 a piece of research was published which rationalized the relationship between 
biological activity and water/oil solubility in a range of the so called nonspecific 
drugs (Ferguson, 1939). Ferguson realized that the intensity of biological action was 
a function of the equilibrium attained by the compound concerned as between the site 
in the cell at which it was exerting the measured effect and the external milieu. With 
the disinfection process in a liquid environment, the external phase is almost invariably 
water; in other instances — chemical fumigation, air disinfection, general anaesthesia 
with volatile anaesthetics — the external phase will be air. 

Having realized this, it should follow that data could be treated by the application 
of thermodynamic principles and it would follow that at equilibrium the chemical 
potential of the drug not the concentration would be the same in all phases. 

It should be borne in mind that the concept refers to an equilibrium state, and it is 
of course possible that true equilibrium in the theoretical sense is not achieved as 
between the cell and the drug containing environment. However, treatment of data 
using this principle does suggest that it is a reasonable explanation of the status quo 
at cell level. 

The calculation of the chemical potential is yet another problem, for if it is to be 
applied using practical and available data again certain assumptions and approxi- 
mations have to be made. 
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Chemical potential, like electrode potential, is defined in terms of a standard and is 
thus a difference between an observed value and that of the standard. Usually in 
considering solutions of electrolytes the activity is used as a measure of the chemical 
potential while the activity at infinite dilution is taken as the standard state. In the 
special case under consideration the chemicals are nonelectrolytes of low water 
solubility and it has been suggested that the standard state for measuring the chemical 
potential should be that of the saturated solution, so that instead of activity 
water solubility should be the physically measurable parameter of the chemical 
potential in any given circumstance. It follows from this that phenols in solution will 
exert the same degree of toxicity when the relative degree of saturation of the solutions 
is the same. Thus if several phenols are dissolved in water to the point of half satu- 
ration, their solutions should ah exert the same biological effect. 

Allawala & Riegelman (1954) extended the findings of Ferguson to other examples 
of antibacterial activity and verified the prediction that relative toxicity in a series 
could be related to their solubility which provided in the circumstances a measure of 
the chemical potential. 

James et al. (1964) obtained further evidence in support of this interesting generaliz- 
ation; indeed their data, in showing the principle to hold for a series of p-halogenated 
phenols, suggested that it was applicable not only to homologous series but to series 
where the substituents are less closely related. 


5. Resistance 

It is often stated that micro-organisms do not develop resistance, at least to any 
significant extent, to drugs whose action is that of a general poison. On the other 
hand drugs the action of w’hich is limited to interference with a single point in a bio- 
synthetic pathway in a cell may be rendered ineffective if, by one or another of the 
processes of adaption, an alternative route for the formation of the otherwise inhibited 
end product can arise: in other words resistance to the drug develops. Equally*, an 
organism may be able to develop enzymes capable of destroying the toxic agent. A 
classic example of this type of resistance is that shown tow r ards the penicillins by 
penicillinase-producing organisms. Despite the above generalizations it is neverthe- 
less true that reports occur in the literature of developed resistance to general toxic 
agents (Moyed, 1964). 

To date there are two mechanisms of resistance definable with some precision: 
the first concerns the accumulation of lipid by the cell during its acquisition of resis- 
tance ; the second, the ability of some strains of bacteria to actually decompose the 
antibacterial agent. 


(a) Lipid and bacterial resistance 

The first hint that bacterial lipid may be of significance in determining the relative 
resistance of bacteria to detergent w as provided by an experiment of Dyar & Ordal 
(1946) with M. aureus {Staph, aureus) in which a strain containing more lipid than the 
parent showed a greater sensitivity to changes in electrophoretic mobility, as induced 
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by cetylpridinium chloride, and acquired a greater apparent negative change in the 
presence of sodium dodecylsulphate. In one experiment no difference in susceptibility, 
as measured by viable counts, to this agent could be demonstrated. 

By serial subculture Chaplin (1951) obtained a x 43 increase in the resistance of a 
strain of E. coli and a x 200 increase in the resistance of Serratia marcescens to a series 
of quaternary ammonium compounds. He was unable to demonstrate resistance with 
Staph . aureus. 

The increase in resistance of S. marcesens was considerable and in a later paper 
(Chaplin, 1952) a possible mechanism was demonstrated. Staining with Sudan Black 
B and electrophoretic mobility studies pointed to an increase in the lipid content of 
the resistant cells. Strong support for the existanee of this lipid and its involvement 
in resistance came when these cells on treatment with a lipase lost their resistant 
properties. 

Fischer & Larose (1952) confirmed the bacteriological data of Chaplin and found 
the adaptive process to be dependent on pH. Thus resistance of a higher order per 
generation number was obtained if the experiment was performed at pH 6*8 than at 
pH 7*7. Chaplin’s failure to induce resistance in Staph, aureus was thought to be due 
to the use of too high a concentration of the drug in the training experiments. 

The effect of pH was thought to be on ionization of the QAC used and consequently 
on drug uptake. No reference was made to the involvement of lipid in the acquired 
resistance, or whether the different pH values used were effecting the biosynthesis 
of the lipid shown by Chaplin to be involved in the acquisition of resistance. 

Lowick & James (1957) trained A . aerogenes to grow in the presence of crystal 
violet and demonstrated by electrophoretic techniques that the surface of the resis- 
tance cells was predominantly lipid whereas in the case of untrained cells the surface 
was predominantly polysaccharide. 

Work in support of the involvement of lipid in the acquisition of resistance to anti- 
bacterial drugs was published by Vaczi, Szita & Cieleszky (1957) who found that certain 
Gram negative bacteria, E. coli , Salm. typhi , Salm. typhimurium , Salm. paratyphi 
in the course of acquiring resistance to chloramphenicol suffered a change in their 
lipid composition; in fact an increase in the proportion of the ether soluble fraction 
of the cellular lipid closely paralleled the increase in resistance. Furthermore the 
cells resistant to chloramphenicol were also found to be more resistant to the quater- 
nary, hexadecylpyridinium bromide, although resistance to phenol was less than the 
unadapted organisms, due, it was said, to the fact that phenols are soluble in lipid. 

Later, Vaczi & Farkas (1961 ) found that a strain of Staph, aureus resistant to penicillin 
possessed a higher cellular lipid content than sensitive strains. Hill, James & Maxted 
(1963) in a detailed study of the cell wall lipid of Strep, pyogenes and the emergence of 
resistance concluded that changes in metabolism associated with resistance to tetra- 
cycline may also result in a stimulation in the production of lipid. 

To investigate further the role of lipid in resistance Hugo & Stretton (1966a, 6) 
by growing a selected group of micro-organisms in nutrient broth containing glycerol, 
achieved an enhancement of their cellular lipid. The organisms used were Staph, 
aureus (three strains), B. subtilis and Strep, faecalis. All the fattened organisms showed 
an increased resistance to quinacillin, methicillin, cloxacillin and benzylpenicillin. 
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Similarly, treating cells with pancreatic lipase so as to reduce their lipid content 
resulted in an increase in sensitivity. 

Using the same model, Hugo & Franklin (1966) studied the effect of lipid enhance- 
ment in the Oxford strain of Staph, aureus on its resistance to phenols. They used a 
series of 4-w-alkylphenols from phenol itself (R = H) to hexylphenol (R = C 6 H 13 ). 
Not until pentylphenol was reached did enhanced cellular lipid protect the cells from 
its inhibitory action, the protection was even greater with ^-hexylphenol. The general 
conclusion from these experiments was that lipid protects the bacteria studied from the 
antibacterial drugs by a nonspecific blanketing mechanism and the amyl- and hexyl- 
phenols are probably locked at the interface between the cellular lipid and the liquid 
(aqueous) environment in which the cells are growing. 

It was not found possible to enhance the lipid content of E . coli or Ps. aeruginosa 
by growth in glycerol but it should be borne in mind that these cells contain lipid in 
their own right (in the form of a lipoprotein and a lipopolysaccharide complex) as 
an integral part of the cell wall. The status of the lipid in the cell walls of fattened 
Gram positive cells has yet to be determined but electrophoretic data lend support 
to the fact that it is at or very near the cell surface. 

Recent research on Gram negative bacteria however has added further weight 
to the thesis that cell wall lipid may play an important role in resistance 

It has been known for some time that ethylenediamine tetra-acetic acid (EDTA) 
renders the cell walls of certain bacterial species susceptible to digestion by lysozyme 
(Repaske, 1958) . It has also been shown to enhance the activity of certain antibacterial 
agents (MacGregor & Elliker, 1958; Brown & Richards, 1965). A biochemical 
mechanism for this action has been revealed by the work of Eagon & Carson (1965) 
and Gray & Wilkinson (1965) in their studies on the action of EDTA on Ps. aeruginosa. 
The latter workers showed that EDTA at alkaline pH extracted a component from 
the cells for which there was strong chemical evidence that it was a lipopolysaccharide. 
Asbell & Eagon (1966) came to a similar conclusion. 

Leive (1965) studied the effect of EDTA on E. coli and noted that this organism 
also became permeable to several unrelated molecules under such treatment. 

Ivanov, Markov, Golovinskii & Kharisanova (1964) treated Ps. aeruginosa with 
light petroleum and found that 22% of the total cell lipid was extracted, that this 
extraction did not impair the viability of the cells and that the sensitivity of the 
cells towards streptomycin, chloramphenicol, phenol, acetone, alcohol, mercuric 
chloride, acids and alkalis was increased. 

The possible involvement of cell wall lipid in the susceptibility of Gram negative 
cells to a variety of molecular species is certainly suggested by these experiments. 

This survey of apparent lipid-dependent acquired resistance has highlighted several 
problems. Not the least of these is the need for an understanding of the biochemical 
mechanisms underlying lipid build up in cells. Growth in glycerol will enhance the 
lipid content of some Gram positive bacteria to the extent of 40% or more, other 
strains did not respond to growth in glycerol by building up cellular lipid. 

What is the status of the built up lipid? Is it as a conjugate with cellular piotein, 
or does it occur as an extramural coating? Growth in glycerol does not enhance the 
cellular lipid of Gram negative bacteria, yet reports show that both marcescens 
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and A . aerogenes when trained to grow in high concentrations of cationic detergents 
or crystal violet build up cellular lipid. Has this lipid the status of a component of the 
cell wall characteristic of the Gram negative bacteria, or is it located elsewhere — 
perhaps as an extramural layer? 

Much more is now known about the lipids of bacterial cells and improved tec hni ques 
now exist for lipid analysis. It should be possible therefore, to elucidate some of the 
interesting problems outlined above. 

(b) Resistance due to decomposition of the antiseptic 
Hugo (19656) has already reviewed the available data on this topic and the main 
features are considered below. It has been known since the beginning of this century 
that substances added to soil as disinfectants (soil fumigants) disappeared from the 
soil with the passage of time. This phenomenon is due to the decomposition of the 
fumigant by micro-organisms and various workers have isolated from habitats such 
as gas works, bacteria able to decompose the components of some of the phenolic 
fractions of coal tar. Predominant amongst the bacteria were members of the sub- 
order Pseudomonadineae — the genera Pseudomonas and Vibrio. Beveridge & Hugo 
(1964) surveyed the ability of 9 micro-organisms to degrade 18 aromatic compounds, 
many of which are known antibacterial agents, and their findings are presented in 
Table 1. 

In another investigation Hugo & Foster (1964) found a strain of Ps. aeruginosa 
able to utilize methyl and propyl p-hydroxybenzoates as the sole source of carbon. 
As these preservatives were at one time used in the preparation of eye drops, and 
because of the danger to the eye of infections by Ps. aeruginosa i it is clear that this 
pattern of resistance can be of extreme practical significance. 

6. General Conclusions 

The relative complexity of the action of disinfectants is in fact a manifestation of their 
general nonspecificity. Thus, whatever property of the cell is studied, whether it be its 
mobility in an electric field, its ability to dehydrogenate succinic acid, its ability to 
maintain its labile intracellular integrity, or simply to reproduce or even remain alive 
in the presence of the disinfectant a concentration dependent effect on this property 
will be obtained. 

In the author’s opinion it is no longer possible or even scientifically valid to try and 
determine ‘the mode of action’ of a nonspecific drug by a study, however detailed, 
of one changeable property. To do this it is essential to compare experimentally 
several facets of drug action, indeed the more the better, and always to relate them to 
the prime role of the drug, namely its ability to prevent multiplication or to kill. 

To illustrate the theme of multiple attack and show its concentration dependence, 
the collected data of Hugo & Longworth (1964, 1965, 1966) obtained in their study 
of the actions of chlorhexidine on bacterial cells (Table 2) are interesting. 

The large volume of work on the action of disinfectants on the metabolic processes 
of bacteria probably stem from the notion that a highly sensitive reaction might be 
found and hence reveal an intellectually satisfying mode of action. In most instances, 
in fact, differences in enzyme susceptibility which have been observed may be due 
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to the location rather than the intrinsic sensitivity of the enzymes ; it could be expected 
that membrane-bound enzymes would appear more sensitive than those situated in 
the cytoplasm. Loss of co-factors essential for enzyme activity may also be occasioned 
by their leakage from the cells, again giving an impression of differences in 
susceptibility. 

This is not to say, however, that no specific metabolic lesion will exist for drugs 
classified as disinfectants and usually expected to be nonspecific in their action The 
recently discovered subtle effect of acridine dyes is an example where the more recent 
techniques of molecular biology have revealed a very precise mode of action for a 
drug whose activities heretofore were cloaked in the broadest of generalities The 
interference of benzalkonium chloride with acetate metabolism, and of TPM dyes 
with glutamine synthesis, are also examples where more precise modes of action have 
been established from careful metabolic studies. 

It is worth bearing in mind that if the drug under investigation produces a meaningful 
rate of kill of say 99*99% mortality in 20-30 min or is bacteriostatic at concentrations 
which appear to have no effect on the coagulation of protein, then a search for more 
precise modes of action might be worthwhile. 

Finally, an underlying theme in all work in this field is to distinguish clearly cause 
and effect, a very difficult task with nonspecific drugs. 

An interesting problem which remains after considering the survey of work in this 
review is to enquire what combination of properties in a molecule render it an efficient 
bactericide or bacteriostat ; is it possible to see in the family of successful members of 
this class of compound any pattern common to all? If indeed such a spectrum of 
properties were to emerge clearly then could these be added to, included in, or serve as, 
screening characteristics 2 

Many of the newer successful bactericides have the property in common of causing 
membrane damage and a search for leakage of one of the relevant components might 
be a worthwhile routine. Examination of adsorption of drug uptake seems also to be 
important. Another thought which appears almost to give an Alice through the 
Looking Glass approach to the matter is to try and establish why certain chemicals 
are not, in the commonly accepted definition of the word, potential disinfectants 
(setting aside the obvious condemnatory properties of high chemical reactivity or 
gross systemic toxicity) ; again drug uptake and evidence of cytolytic damage might 
be properties which have to be shared by a compound destined to be useful as a 
disinfectant. 
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Cold sterilization processes 
tures where heat alone can 
processes are applied at 

Cold sterilization processes are 
applied to many materials or objects 
stroyed by heat sterilization processes. In many cases, however, 
cold sterilization processes are chosen for heat-sterilizable materi- 
als to gain savings in money, time, or effort The degree to which 
these savings can be realized depends on the application intended 
for the sterilized object (whether it is a material or the interior 
surfaces and gas within an enclosed space). Usually, the very 
nature of the sterilization process is controlled by the sequence 
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of operations which precede and which follow sterilization as well 
as by the nature of the constituent materials of the sterilized object. 
The savings realized usually depend also on the effect the steriliza- 
tion process has on the available choices for materials and for the 
operations required before and after sterilization, including prepa- 
ration and packaging. Seldom, however, can a cold sterilization 
process be wisely chosen on the basis of maximum assurance of 
achieving sterility. 

From the microbiological standpoint, uniform conditions of 
chemical composition, temperature, and even pressure are of 
greater importance in cold sterilization techniques than in steriliza- 
tion techniques performed at higher temperatures. This greater 
importance arises from the fact that the chemical, physical, and 
biological conditions which are lethal for one population of micro- 
organisms may promote growth or a refractory state of dormancy 
in another. The conditions which distinguish the lethal from the 
dormancy-promoting environment for any one population, or even 
cell, may not differ much chemically. 

Some types of chemical agents used in cold sterilization produce 
or favor the survival of strains of microorganisms which are re- 
sistant to sterilization at the concentrations and temperatures 
normally employed. This effect extends to the sterility tests for 
demonstrating process efficacy in that the nutritive requirements 
for populations or cells exposed to the sterilizing agent can be 
changed in perhaps significant ways. 

Although sterilization of many materials and surfaces can be 
achieved at temperatures below 50°C. by processes based pri- 
marily on electromagnetic radiation, electron or particle beams, or 
even ultrasonic treatment, the following discussion will apply 
primarily to cold sterilization by sterilants based on germicidal 
chemical agents. Gases and liquids can be sterilized cold by sepa- 
ration processes based on filtration, centrifugation, or sedimenta- 
tion. In a few applications electrostatic precipitation has been 
useful in sterilizing gases. In a few other applications, oscillations 
of the temperature through several cycles of freezing and thawing 
or long-term storage at temperatures capable of promoting germi- 
nation but preventing proliferation of microorganisms have pro- 
duced sterility. In a sense, these temperature-related processes 
resemble Tyndallization, a process of long standing in the practice 
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of pharmacy. The process of drying will, under certain circum- 
stances, sterilize surfaces. 

The chemical sterilizing agents are frequently enhanced in their 
action by simultaneous application of one or another of the physi- 
cal conditions promoting sterilization. Some chemical substances 
become sterilizing agents only when applied simultaneously with 
a suitable physical agent. Sterilization processes based on these 
agents will not be discussed further here. 

To discuss cold sterilization quantitatively, a careful definition of 
the term sterilization will be useful. In a discussion of heat steriliza- 
tion, the distinctions among the various practical meanings involve 
only differences of degree. The more strict meanings imply but a 
longer exposure to the specified temperature. In a discussion of 
cold sterilization, these distinctions involve differences in kind. 

In the strictest sense, the concept of sterilization involves freeing 
an object from all living microorganisms. In the practical sense, 
however, sterilization processes must be evaluated and assessed 
on the basis of the methods available for demonstrating that 
the desired result has been attained. At present, these methods are 
all concerned ultimately with inferring the absence of living 
microorganisms from the failure of the object exposed to the 
process to produce a microbial population, growth, in certain 
standardized bacteriological media (World Health Organization, 
1960). In the practical sense, then, sterilization is a process which 
destroys the demonstrable infective 3 potential of an object. This 
distinction between two concepts of sterilization, between a 
process which destroys all living microorganisms on or in an 
object and a process which eliminates the infective potential of 
the object, is important because practical processes can be demon- 
strated to be effective only when measured by fhe latter concept. 

It is perhaps unfortunate that, operationally, infectivity is not 
a convenient property of an object. It relates the infective object 
to a second independent object which must be infected, if the 
infectivity is to be detected. Some species of microorganisms are 
fastidious about the environment in and the substrate on which 
they will proliferate. Some require human beings. Others require 
only human or primate cells. Yet others are content with only a 

3 As used here, infective does not involve the idea of pathogenicity. 
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nitrogen source, an energy source, and a few vitamins. There exist, 
most likely, yet-unidentified species which will infect neither ani- 
mals nor any of the bacteriological culture media yet devised. 
Some of the algal and fungal populations grow so slowly, even at 
their optimum temperatures, that the infective potential of objects 
containing them is difficult to measure and yet populations of 
these species can destroy industrial and military materials (Great- 
house and Wessel, 1954). 

In pharmacy and medicine, sterilization, in the practical sense, 
means that an object or material has been processed to destroy all 
populations of pathogenic organisms, including those which pro- 
duce only toxic products. In food technology, the term means that 
the material or equipment has been processed to destroy all those 
populations of organisms which can or could produce product 
spoilage. In interplanetary-spacecraft technology, the term means 
that the material, object, or enclosed space has been processed 
to remove or kill all living organisms to the extent that they are 
no longer detectable in standard culture media in which they 
have been previously demonstrated to proliferate. The actual 
objective in spacecraft technology is to kill or remove all living 
organisms to the extent that they can never be detected on an- 
other planet by any means whatsoever. Proof that this latter 
objective has been attained in any particular spacecraft steriliza- 
tion is beyond the capability of presently available life-detection 
techniques. 

Because of these differences in practical objectives, processes 
which are effective in sterilizing the objects of one technology 
may very well fail to sterilize those of another technology. 

II. Sterilization of Surfaces of Solids 

A. Cleaning 

Because the effectiveness of any sterilization method depends 
upon the size of the microbial population to be destroyed, thorough 
cleaning of the surfaces to be sterilized is essential. A variety of 
effective surface-cleaning methods has been developed (Goodwin 
and Nichols, 1963) in connection with the manufacture of highly 
reliable missile components. While vapor degreasing and ultra- 
sonic scrubbing are particularly useful tools, thorough scrubbing 
with detergent and water will reduce the size of a population of 
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microorganisms on a surface by several orders of magnitude 
(Davis, 1960). Surkiewicz and Phillips (1948) report the results 
obtained from various cleaning methods used in removing bac- 
terial spores from surfaces. 

In addition to removing a large portion of the microbial popu- 
lation, thorough cleaning of a surface will remove particulate 
contamination which might contain live microorganisms protected 
from sterilization during exposure of the surface to chemical steri- 
lants. The crystals of inorganic salts present the greatest resistance 
to diffusion of chemical sterilizing agents. In medical applications, 
the microorganisms inside a solid material or a crystalline particle 
are of little consequence if neither the material nor the particle is 
soluble in, or reactive with, body fluids. Even though pipettes or in- 
struments contaminated with pathogenic microorganisms have 
been soaked in a sporocidal solution, they should be autoclaved 
to destroy any protected microorganisms before being handled by 
dishwashers. In spacecraft applications, on the other hand, all ex- 
traneous particles must be either removed or dissolved to expose 
contained microorganisms to the sterilant. Often populations of 
bacteria are heterogeneous with respect to resistance to chemical 
sterilants. Extraction of the cells or spores of these populations 
with the lipid solvents used in cleaning can change the degree of 
heterogeneity and make the population more nearly homogeneous 
in its resistance. The effect of the sterilant is thereby enhanced. 
Common vapor degreasing cleaning agents are also lipid solvents. 

Davis (1960) points out that vegetative cells which cannot 
grow, either because of lack of nutrients or the presence of bac- 
teriostats in their immediate environment, die, although sometimes 
slowly. Once the population is dead, sterilization has taken place 
and a chemical applied as a cleaning agent or bacteriostat on 
short exposures becomes, in effect, a sterilant in long exposures, 
under the appropriate conditions. Several highly effective bac- 
teriostats are also effective detergents and serve both to remove 
microbial nutrients and cells from a surface and to suppress 
growth among the cells which remain. 

An enormous number of germicides and germicidal detergents is 
available. Many are specified by trade names. Usually each has 
been developed for a particular application. In the design of the 
germicide, a particular type of object, environment, and types of 
microorganism and contamination were in mind. Usually the nature 
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of the object and its normal use determine the species of micro- 
organisms and the sizes of their populations to be destroyed. Even 
the significance of failure to destroy every cell of every species can 
be anticipated. Although each of these germicides can be highly 
effective under its intended conditions of use, none is equally use- 
ful or effective under all conditions of use. 

Often the liquids used in cleaning are made sterilizing agents by 
adding to them certain sporocidal substances. The methods of using 
several liquid sterilants of this type have been discussed by Gre- 
million et ah (1959) and by Spaulding (1957). Opfell and co- 
workers (1961, 1962a, b) and Willard and Alexander (1964) have 
measured the effectiveness of formaldehyde and other alkylating 
agents dispersed in each of several common cleaning solvents in 
destroying populations of bacterial spores on the surfaces of typical 
spacecraft components. 

B. Demonstrating the Effectiveness of Chemical Sterilants 

In demonstrating the effectiveness of a chemical sterilant against 
a particular species of microorganism in a particular environment, 
it is essential that the test inoculum be in precisely the same en- 
vironment as the microorganisms of the population to be destroyed. 
Boyce and Bowler (1961) and Opfell et ah (1959) have shown 
that by an appropriate choice of surface or carrier for the test 
inoculum an exposure to gaseous ethylene oxide can be demon- 
strated to sterilize, or not to sterilize, at will. Certainly, a valid 
demonstration must be based on results and experiments imitating 
precisely the anticipated environment for each cell in the con- 
taminating population and using microorganisms whose resistance 
to the sterilizing agent resembles that of the species in the con- 
taminating population. 

Recent reviews of the properties and applications of popular 
chemical sterilants have been presented by Bruch (1961), Opfell 
(1964), Phillips and Warshowsky (1958), Reddish (1957), and 
Sykes (1958). The reader is referred to these reviews for detailed 
information on chemical sterilants useful in various applications. 

C. Monitoring a Sterilization Process 

Once a particular process has been demonstrated to be effective, 
it is useful to show that this same process will also sterilize a large 
population of spores of species such as Bacillus subtilis , Bacillus 
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stearothermophilis, or Clostridium sporogenes (Bruch, 1961) car- 
ried on a material of highly uniform properties like filter paper. 
Sterilization of such spore populations does not prove that an 
object simultaneously exposed to the same process is sterile. Fail- 
ure of an established process to sterilize a standard spore inoculum 
is sufficient reason, however, to presume that errors can be and 
were made in the application of the process. 

Information about the resistance of bacterial spores on filter 
paper (Grundy et ah, 1957) or on fabric (Phillips, 1961) exceeds 
that about any other carrier materials. Because of their reproducible 
results, commercial spore strips serve well as biological “reagents” 
for monitoring a sterilization process and are useful in many ap- 
plications. In monitoring a sterilization process, the spores of B. 
subtilis are particularly useful because of the characteristic form 
and color of their colonies, their low pathogenicity, and the wealth 
of published information about their resistance and requirements 
for nutrients and incubation. 

In many applications of sterilizing processes, however, standard 
spore inoculums, i.e., spore strips, are not useful. In the preparation 
of a sterile product, for example, it is illogical to expose that product 
at any time to a population of live microorganisms, particularly a 
population known to be resistant to the sterilizing agent in doses 
smaller than the nominal dose on which the sterilization process 
was established. An undetected error in the application of the 
process would produce nonsterile and possibly hazardous products. 
In some instances, of course, the test spore inoculum can be so 
completely segregated from the product that no hazard can exist. 
In recognition of the possibilities of human errors in applying the 
sterilization process or in packaging materials, good medical and 
pharmaceutical manufacturing technique will exclude all micro- 
organisms, including standard spore inoculums, from the vicinity of 
the sterilizer or the product. The spore strip is not useful in showing 
that any particular sterilizer operated in any particular manner 
will sterilize a particular object other than the spore on the spore 
strip. 

D. The Microorganism and Its Environments 

The filter paper or fabric of the spore strip is not representative 
of most practically important environments. Some of die common 
sterilizing agents, e.g., formaldehyde, react with cellulose, thereby 
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reducing the ambient concentration of the formaldehyde around 
the microorganisms below what would prevail if the environment 
contained only materials which did not react with or absorb the 
sterilizing agent. 

The exhaustion of the sterilizing agent can be a very local effect 
because of a contaminant which accompanies the microorganism 
population. If the sterilizing agent reacts vigorously with the object 
to be sterilized, it will not be a useful sterilizing agent. Sometimes 
the contaminating material which accompanies microorganisms 
completely encases them, protecting them from chemical steriliz- 
ating agents. Typically crystalline materials (Abbott et al 1956; 
Royce and Bowler, 1961) protect microorganisms from the action 
of chemical sterilizating agents, 

E. Protective Substances 

Royce and Bowler ( 1961 ) have pointed out that bacterial spores 
dried from suspension in salt solution or culture broths are not 
always sterilized by exposure to ethylene oxide in concentrations 
and for periods of time adequate to sterilize the same numbers of 
the same spores dried from pure water. Phillips (1961) has sug- 
gested that with ethylene oxide and spores of B. subtilis var. niger 
more than just a physical effect may be involved in the protection 
provided by broth solids. Even though a large population of spores 
has been dried on a surface from a broth or saline suspension, it is 
not necessarily resistant to a chemical sterilant. Some materials will 
absorb both the water and the salt or protective substance while 
the spore is drying. Others will absorb only the water and still 
others, nothing at all. In each case the amount of the material from 
the suspension vehicle available to provide protection will be dif- 
ferent. Some sterilants can destroy the protective effect of dried salt 
or of broth solids. Gilbert and co-workers (1964) have discussed 
the steps necessary to make dried bacterial spores susceptible to 
sterilization by ethylene oxide. 

Phillips and Kaye (1949) have discussed the variety of chemical 
agents which will kill populations of spores dried on cotton fabric. 
Opfell et ah (1959) and Kelsey (1961) have found this environ- 
ment to be perhaps the most favorable one for sterilizing bacterial 
spores. If the material providing the surface for the microbial 
populations is less hygroscopic or has physical or chemical proper- 
ties very different from those of cellulose or if the microbial popula- 
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tion was suspended in a less than completely volatile vehicle, a 
portion of the population will frequently survive exposures to 
ethylene oxide many times more severe than those reported as 
effective by Phillips (1961) or Ernst and Shull (1962a). The 
protective agents which might spare cells dried on other materials 
are readily absorbed by cellulose, leaving the microorganism ex- 
posed to the action of sterilizing agents. 

For destroying a population of spores of B. subtilis var. niger, 
Ernst and Shull (1962a) have presented quantitative information 
on the relationship between the concentration of ethylene oxide 
and temperature and the effectiveness of a specific length of ex- 
posure to this gaseous sterilant. In a second paper (1962b), these 
same investigators report how the introduction of hygroscopic 
cotton into the environment in which ethylene oxide is acting can 
affect the thermochemical death time. 

Royce and Bowler also found that proteins in the vehicle from 
which a bacterial suspension is dried provide relatively little pro- 
tection against the sterilizing effect of ethylene oxide, whereas 
amino acids, sugars, and other broth ingredients, which crystallize 
on drying, effectively protect many' microorganisms. Lactose is 
widely used to protect microorganisms during freeze-drying. Some- 
times this sugar is used in the presence of milk proteins and some- 
times not. The protective effects of the salts, sugars, and amino acids 
may be due to changes which take place inside the microorganism 
under conditions of high concentrations of these substances outside 
it. 

Staphylococcus populations in the presence of the protective sub- 
stances in broth are more effectively protected than are populations 
of other nonsporulating species or even the larger bacterial spores 
( Opf ell and Duffy, 1964a, Royce and Bowler, 1961 ) . The protective 
effect appears to be more than physical and involves the interaction 
of the cells, the protective substances, and the sterilizing agent 
The resistance of Staphylococcus populations to drying is also af- 
fected by the presence of the same protective substances. Staphyl- 
ococcus epidermidis populations dried on clean glass. Teflon, or 
aluminum surfaces from suspension in pure water die within a 
few hours (Opfell and Duffy, 1964a). From suspension in broth 
they die much more slowly. McDade and Hall (1963) reported 
that populations of Staphylococcus aureus dried from a broth cul- 
ture on sutures would remain viable for several days, but Skaliy 
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and Sciple (1964) reported that he was unable to detect Staphylo- 
coccus cells in a hospital room 1 day after an infected patient left the 
room. A population of Staphylococcus microorganisms which will 
survive drying well may also survive exposures to chemical sterilants. 
A population of S. epidermidis derived from an unknown source and 
contained in dust was found to survive an exposure to ethylene 
oxide more than enough to sterilize a standard large inoculum of 
B. subtilis var. niger spores. Another population was found to sur- 
vive many months in solid propellant, and yet another population 
of this same species survived in a solid propellant formulation con- 
taining enough ethylene oxide to destroy an inoculum of spores of 
B. subtilis var. niger containing many thousands of spores per 
milliliter of propellant. A S. epidermidis inoculum will grow in 
broth containing a higher concentration of ethylene oxide than will 
an inoculum, of the same size, of spores of B. subtilis var, niger . On 
the other hand, a population of washed S. epidermidis cells in pure 
water will die within a few weeks, 

F. Chemical Oxidizing Agents as Sterilants 

Of all the chemical agents for sterilization, chlorine and solutions 
of hypochlorities are the best for many reasons. The reactivity of 
these agents reduces substantially the protective effects of most 
organic substances. When used in aqueous solution, the protective 
crystals of inorganic salts are often dissolved, thereby exposing the 
contained microorganisms to sterilization. 

The very reactivity, so important in increasing effectiveness, re- 
stricts the range of materials and conditions to which these agents 
may be applied. Many materials are destroyed by exposure to 
chlorine or to the other powerful oxidizing sterilants, ozone and 
peracetic acid. These sterilants have their most useful applications 
in preparing tools and spaces for manipulations which require a 
sterile field or in preparing ducts for the transport of sterile fluids. 
The sterilization of isolators for rearing germfree animals (Trexler, 
1964) is a typical application of peracetic acid. 

The alkali solutions are also powerful and rapid-acting sterilants 
although they are often used at a temperature higher than those 
typical of cold sterilization techniques. It is* unsound to make 
general statements comparing sterilizing effectiveness about the 
other chemical sterilizing agents. In some applications these agents 
can be highly effective and in others, not effective at all. 
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G. The Hazards in Extrapolating the Knowledge of 
Stehilant Effectiveness 

Often, universal effectiveness as a sterilant is attributed to a 
chemical agent on the basis of dramatic effects shown by it in a 
few specific applications. To point out the possibilities for error 
in acting on such a premise the following example is illustrative. 
Royce and Bowler (1961) report that washing the slightly soluble 
antibacterial sulfonamides and penicillin salts reduced the bacterial 
population among crystals of them by at least a factor of two. Ex- 
posure of the unwashed crystals of these antibacterial powders 
to a standard ethylene oxide process reduced the population by 
several orders of magnitude and produced sterility in some of the 
powder samples. When the slightly soluble crystals were washed 
and dried before they were exposed to ethylene oxide, the bacterial 
population on them was relatively unaffected. Here, a bactericidal 
agent (in this case antibacterial crystals), was cleaned by washing 
with water and was then exposed to a powerful sterilizing agent, 
ethylene oxide; yet the initial population was only halved. The 
point is this: Sterilizing agents are not universally effective and 
their effects are not necessarily additive. In some instances they 
enhance each other’s effects; in other instances they cancel them. 

H. Liquid Sterilants 

The advantages of liquid sterilants lie in their convenience. For 
many applications, in which the sterilant may evaporate or be 
rinsed away when its action is complete, they are inexpensive. In 
a few instances the liquid sterilant is sealed in or absorbed by the 
object sterilized. The long-term compatibility of the residual steril- 
ant with the object then demands careful consideration. Often 
liquids act to sterilize surfaces more rapidly than do gas sterilants, 
but in no case should a liquid sterilant be presumed to act in- 
stantly. Hypochlorite and peracetic acid solutions are particularly 
rapid-acting liquid sterilants, but several minutes are required to 
produce sterile surfaces after they have been applied. 

The rate of action of a liquid sterilant is usually dependent 
upon the concentration of the active chemical in the liquid. It 
also depends upon a variety of other factors, including temperature. 
Populations of one million spores of B. subtilis var. niger are 
destroyed within 90 minutes at room temperature by several of 
the alkylating agents when these agents are dissolved in common 
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solvents at a concentration of only 5 % (Opfell et al., 1961, 1962a, 
b). Increasing the concentration of the agent in the solvent will 
usually increase the rate at which microorganisms are destroyed. 
The increase, however, is not necessarily linear. 

Schabel (1957) reported the relative sterilizing effects of large 
numbers of chemical compounds with respect to two species of 
bacteria and one of virus. Phillips and Kaye (1949) have described 
the relative sterilizing effects of the alkylating agents. The fact 
that any one of these agents, when used pure, destroys popula- 
tions of microorganisms does not imply that it will be effective 
when dispersed in a liquid vehicle. 

When the liquid sterilant cannot be permitted to evaporate or 
to be rinsed away by an inert sterile fluid, chemical and physical 
stability of the sterilant becomes an important consideration. On 
long-term storage formaldehyde, even in methanol, polymerizes. 
Even though a large excess of one of the reaction products, meth- 
anol, is present, the autoxidation of formaldehyde to form both 
methanol and formic acid proceeds. In applications to electrical 
connectors for interplanetary spacecraft, undesirable corrosion 
might be expected. 

Water or methanol solutions of ethylene oxide convert slowly, 
over several months' time, to solutions of ethylene glycol or of 
ethylene glycol monomethyl ether. Unlike those of formaldehyde, 
the ethylene oxide reaction products are not often corrosive to 
metals but they do have solvent properties different from those 
of mixtures of the reactants. 

Among other liquid sterilants for surfaces, hypochlorite solutions 
are generally considered most satisfactory. The corrosive properties 
of these solutions impose far-reaching effects on the design of 
equipment to be sterilized by them. While hypochlorite solutions 
are generally useful in the dairy and food industries, they are 
unsuitable in certain specific processes in which even very small 
amounts of hypochlorite can ruin the product. To avoid this diffi- 
culty the food processer will use other sterilizing liquids, frequently 
caustic solutions. The processing equipment must then be designed 
to be compatible with these other liquid sterilants. 

Jacobs (1960) discussed the dynamics of chemical sterilization 
with particular emphasis on phenols. Phillips and Warshowsky 
(1958), Reddish (1957), and Sykes (1958) presented thorough 
discussions of the properties of many chemical sterilizing agents. 
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Ethylene oxide is an effective sterilant in the liquid as well as 
in the gas phase. In the liquid phase it can be applied at higher 
concentrations, with the result that it acts much more rapidly than 
it does as a gas. Because ethylene oxide does not exist as a 
liquid at room temperature and atmospheric pressure, it must be 
diluted with another liquid to raise its boiling point above room 
temperature in order to prepare a liquid sterilant based on it. 
Water in excess of 77% will do this but less methanol or propylene 
oxide are required to produce the same effect. A fifty-fifty mixture 
of methanol and ethylene oxide will boil at about room tempera- 
ture. This mixture is a particularly effective and useful sporocide 
because it leaves no residue on evaporation and is unreactive 
with a large variety of materials. Its stability on long-term storage 
has not been established, however. Equivalent concentrations of 
ethylene oxide in propylene oxide appears to be less effective 
sterilants than they are in methanol. 

A 5% solution of freshly distilled monomeric formaldehyde 
in methanol is also a useful sterilant which is compatible with a 
large variety of materials. In methanol, formaldehyde is not as 
effective a sterilant as it is in water (Opfell et ah , 1961; Willard and 
Alexander, 1964). At the same time, however, it is less corrosive and 
when freshly prepared it leaves no deposit of paraformaldehyde, 
often an important consideration in spacecraft sterilization applica- 
tions. The sterilizing and other properties of formaldehyde and its 
solutions were studied extensively by Nordgren (1939). Other liquid 
sterilants based on formaldehyde have been discussed by Reddish 
( 1957 ) and by Sykes ( 1958 ) . 

I, Gaseous Sterilants 

The amount of published information on the conditions required 
to ste riliz e surfaces by exposure to gaseous ethylene oxide now 
exceeds that for any other cold sterilization process. However, die 
information on the compatibility of ethylene oxide sterilants with 
various materials is, for the most part, limited to the observation 

that damage is negligible. ... . 

The particular advantages of gaseous agents m sterilizing sur- 
faces are effectiveness of penetration and ease of removal of 
residual sterilant. Frequently, sterilization by a gaseous agent is 
less expensive than the alternative processes. . 

The penetration of a gaseous sterilizing agent is limited to 
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those spaces available to it by the physical processes of diffusion, 
absorption, and solution. Gaseous sterilants cannot penetrate many 
solid materials, particularly crystalline materials. Diffusion into 
remote spaces often takes many hours (Opfell et al. P 1964) and 
completely through solid objects which absorb it, even longer. 

In the use of the gaseous sterilants, particular care must be given 
to control of fire, explosion, and toxicity hazards. The engineering 
of safe methods of using ethylene oxide has been worked out. 
Several excellent reviews on sterilization by gaseous sterilants 
have recently been published by Bruch (1961), Mayr (1961), 
Perkins and Lloyd (1961), Phillips (1961), and Stierli et ah (1962). 
Because most of these reviews are readily available, the discussion 
here will be limited to a reiteration that the physical processes of 
diffusion, absorption, evaporation, and condensation as well as 
phase behavior often play determining roles in sterilization proc- 
esses based on gaseous sterilants. 

III. Internal Sterilization 

A. Demonstrating the Effectiveness of Processes to Sterilize 
the Interiors of Solids, Liquids, and Gases 

Most of the advantages, as well as the limitations, of cold 
sterilization techniques for surfaces apply in the sterilization of 
the interiors of solids, liquids, and gases. In particular, the chemi- 
cal sterilizing agent must gain intimate access to every micro- 
organism in the contaminating population in order to sterilize. 
Demonstration of process effectiveness includes proof of this access. 

The distinction made earlier between the two concepts of steril- 
ization is of particular importance in the proof that a solid has been 
sterilized internally. The demonstration of noninfectivity for, or 
disinfection of, the interior of a solid entails problems not present 
for gases, liquids, and the surfaces of solids, including powders. 
In order to demonstrate such noninfectivity, all the potentially 
viable microorganisms must be given access to the nutrient medium 
of the sterility test. If the solid is insoluble in all nonbactericidal 
solvents, it must be pulverized. The size of the particles produced 
by pulverization must be approximately that of the microorganisms 
themselves. Any process capable of producing such a degree of 
subdivision will also destroy many of the potentially viable cells. 
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Less pulverization will leave viable microorganisms entrapped in 
the interiors of the larger particles and these microorganisms might 
not have access to the nutrient medium. Some solids can be shown 
to contain microorganisms even though the particles are much 
larger than the individual microorganisms. This effect depends 
on the particular solid material. Solid propellant is one such 
material (Opfell and Duffy, 1964b). 

Failure of a pulverized solid material to produce growth in a 
nutrient medium is not sufficient evidence that the interior of the 
intact solid was noninfective even for that medium. 

Primary interest in techniques for cold sterilization of the in- 
teriors of solids has come from the requirement that planetary- 
impacting spacecraft be sterilized. This interest is relatively new 
and the technology for producing and demonstrating these sterile 
interiors is far behind that for other residences of microbial pop- 
ulations. In spite of these limitations, there are useful cold steriliza- 
tion techniques for destroying microbial populations in the interiors 
of solids, liquids, and gases. They are discussed in the following 
sections. 


B. Self-Sterilizing Formulations for Solids 

The interiors of certain types of solid s can be sterilized by the 
use of chemical sterilizing agents in the formulation of the ma- 
terial. The self-sterilizing property is important in those cases 
in which the material cannot be protected from contamination 
completely while it is in the uncured state. Formaldehyde, ethy- 
lene imine, and even ethylene oxide have been used to produce 
sterile greases (Opfell et al, 1962a, b) and polymeric resins 
(Morelli, 1962). The use of chemical sterilants in formulations 
must not interfere to the detriment of the properties of the result- 
ing solid material, however, and compatibility and effectiveness 
must be demonstrated as with any other sterilization technique. 

The chemical sterilizing agents are often very reactive with 
the monomers of resins, uncured coatings, and uncured elastomers. 
They often polymerize. If these reactions proceed rapidly enough 
while the solid is curing the final state of the cure can be altered. 
The reaction of the chemical sterilizing agent with the ingredients 
will deplete its concentration and perhaps affect its ability to 
sterilize. The formulation of a self-sterilizing solid or grease must 
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be based on knowledge of the nature of the reactions of the 
sterilizing agent with the ingredients and with the polymers in 
the solid as well as with the microbial population. 

Certain gaseous sterilants, particularly ethylene oxide, diffuse 
into certain solids and dissolve in them. Exposure to these gases, 
under controlled conditions, can make the interior material of 
these solid s noninfective when tested by any presently available 
testing technique. Demonstration of sterility, however, still has 
the difficulty discussed earlier. Moreover, care must be exercised 
in the sterility test to neutralize the residual sterilant just as in 
the case of self-sterilizing materials. 

Long exposures to the gas are required, too, to permit the 
sterilizing agent to penetrate the solid completely. The useful 
properties of the solid may be seriously affected, but not neces- 
sarily, by saturation with the sterilant. The solid must be extremely 
homogeneous, too, because particles containing microorganisms 
protected from the action of the sterilizing agent would prevent 
sterilization from ever taking place. Diffusion of a sterilant into a 
solid propellant containing internally contaminated oxidizer crys- 
tals would never be sterilized by such a process. Polyethylene film, 
on the other hand, is readily penetrated by ethylene oxide and even 
permits sterilizing concentrations to be developed inside spaces 
completely enclosed by the film. 

C. Self-Sterilizing Formulations for Liquids and Gases 

The preparation of self-sterilizing formulations of liquids or 
of gases is a fundamentally simpler problem than it is of solids. 
The sterilant can be readily distributed in these fluids. Its con- 
centration is easily measured. Many liquids are, by their very 
natures, germicidal to a broad spectrum of species of microorgan- 
isms. Acetone, for example, promptly kills populations of S. epi- 
dermidis. The killing effect may be simply the result of excessive 
removal of water from the microorganisms rather than of toxicity 
as such. Populations of spores of B. suhtilis var. niger, on the 
other hand, are unaffected by even long storage in acetone. Phenol 
solutions (Jacobs, 1960) have been the standard by which other 
disinfectants have been measured. Yet, several species of micro- 
organisms are not killed by these phenol solutions. 

The alkylating agents, particularly formaldehyde, ethylene oxide, 
and (3-propiolactone, have been used in preparing self-sterilizing 
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liquids. Formaldehyde has been used traditionally in the prepara- 
tion of immunizing agents. Certain of these immunizing agents 
are prepared by rendering liquid cultures of pathogenic micro- 
organisms noninfective by the addition of appropriate and con- 
trolled amounts of formaldehyde. In the preparation of these im- 
munization agents for injection into humans, many steps in addition 
to the destruction of infectivity are required, of course. 

Ethylene oxide and |3-propiolactone have been demonstrated to 
sterilize certain food products and human serum preparations. They 
have also been used to sterilize fermentation media. These liquids 
are self-sterilizing for limited periods of time after which the 
decay of the sterilant into nontoxic products has progressed far 
enough to make the liquid nontoxic and no longer sterilizing. The 
liquid is self-sterilizing during the period when it stands the 
greatest chance of becoming contaminated. Once packaged in a 
hermetic container, the self-sterilizing property is no longer re- 
quired. 

Some liquids provide starvation environments (Postgate and 
Hunter, 1963) for microorganisms. This environment, if maintained 
about the population of microorganisms long enough, will destroy 
it. This environment can be created either by excluding nutrients 
or by including bacteriostatic agents in the formulation of the 
liquid. In pharmaceutical preparations the bacteriostatic agents 
are called preservatives. These bacteriostats do not kill micro- 
organisms outright but instead prevent reproduction and interfere 
with metabolism. In the absence of the bacteriostatic agents and 
the presence of many dead bacteria, cryptic growth of a few 
microorganisms can keep a liquid from becoming sterile through 
the starvation effect over even long periods of time. When bac- 
terial spores are present in the contaminating population, they 
must be forced to germinate before bacteriostats have any promise 
at all of destroying them through starvation. 

Two types of microbicide are available for the sterilization of 
gases. One is the true gaseous sterilant which, in effect, can make 
another gas self-sterilizing. The other is the quasi-gaseous sterilant 
(Phillips and Warshowsky, 1958) which is a mist formed of slightly 
volatile sterilizing agents. The true gaseous sterilant can be mixed 
with a compatible gas and will then remain dispersed in it. The 
quasi-gaseous sterilants use the processes of evaporation and con- 
densation as well as bacterial toxicity in destroying aerial popula- 
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tions of microorganisms. Among the useful quasi-gaseous sterilants 
are solutions of (3-propiolactone, formaldehyde, or peracetic acid in 
water. 

It is often useful to disperse a quasi-gaseous sterilant at such 
a temperature that the particles of mist evaporate and then con- 
dense again on the contaminant particles to increase the rate 
sedimentation of these particles. The germicide acts then on the 
microorganisms on the surface on which they fall rather than in 
the air. Usually the air-borne microbial particles which must be 
precipitated in this way contain micrococci and are less than 1 
micron in size. The bactericide can be one which is specially de- 
veloped to kill micrococci* 

IV. Statistical Aspects 

Evidence that a particular process has been an effective one is 
at best statistical and is inferred from a repeated application of the 
process under carefully controlled and monitored conditions to a 
sequence of identical items or replicas. An item which will be used 
in a procedure or application requiring that it be sterile will never 
be tested for sterility before use. Evidence of its lack of infectivity 
will come after it has been used and will be the absence of in- 
fection in the items, the person, or the environment in which it 
was used. 

The fact that a single replicate of this item, and not the item 
itself, failed to infect a test medium in a single sterility test is 
hardly sufficient evidence to support much confidence. Confidence 
in a process under proper control will naturally increase as the 
sequence of tests showing noninfectivity lengthens. A break in 
such a sequence requires explanation. The break may have been 
due to process failure or it may have been due to error in the 
sterility-test operator s technique. The cause of the break must be 
established in either case. If the process did indeed fail, all the 
product produced by that process is suspect. It is not possible 
to discriminate among batches of sterile and nonsterile items from 
a controlled process on the basis of statistical sampling and testing. 
The implication of this fact is the following. Confidence in a par- 
ticular process, whether a cold sterilization technique or not, is 
soundly based only after a continuous sequence of successful appli- 
cations of the process has been developed 
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Cornfield and co-workers (1957) and Meier (1957) have dis- 
cussed the statistical aspects of safety testing the Salk-process 
poliomyelitis vaccine. The statistical model constructed by Corn- 
field is a useful guide in designing a testing program to demon- 
strate effectiveness of a sterilization process. Bryce (1956), Knudsen 
(1949), Savage (1961), and the World Health Organization (1960) 
have presented particularly useful descriptions of the statistical 
as well as other requirements for meaningful sampling and quality 
control of sterilization processes. 

In the demonstration of a particular sterilization procedure for 
an item assembled from a collection of components, replicas or 
samples of the final assembly must be used. The process must be 
demonstrated to be compatible with the functional objective of 
the item, whether it be a fluid or a device. In testing the com- 
patibility and efficacy of a process with a particular design for 
an assembly or mixture, failure of any component in any failure 
mode independent of the interaction among the assembled com- 
ponents must be prevented. The failure mode may be failure to 
sterilize. In the preparation of a biological or a food product, for 
example, the bacterial population of each of the ingredients must 
be smaller than that which can cause failure of the component to be 
sterilized. In the fabrication of a spacecraft, the components must 
have been demonstrated individually to be sterilized by the proc- 
ess and they must be demonstrated to function properly after it. 

V. Summary 

In summary, cold sterilization techniques have the useful at- 
tributes of being compatible with many temperature- and radiation- 
sensitive materials. In many applications, a cold sterilization tech- 
nique is less expensive to apply than one based on heat or 
radiation. 

Each application of a cold sterilization technique must be 
demonstrated by an experimental program designed to provide 
enough statistical data to support an inference of both effective- 
ness and compatibility. Moreover, a careful analysis of the condi- 
tions and environments to which the material is exposed must 
show that no contamination could occur which cannot be reached 
by the sterilant or be detected. 

Sterilization has been confused with disinfection in many dis- 
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cussions of these two subjects. Because of this confusion, the term 
sterilization means different things to different people. A process 
of disinfecting which may produce sterility in one person's frame 
of reference will fail to do so in another's because of the differences 
in the types of microbial contamination to be destroyed and 
which are therefore monitored. The ethylene oxide process is, for 
this reason, used and its effectiveness interpreted differently in 
spacecraft applications than in medical applications. 

The demonstration of effectiveness of any sterilization process 
in destroying microbial populations in the interiors of many in- 
soluble solid materials is extremely difficult, irrespective of the 
sterilization techniques applied. Culturing methods may be totally 
inadequate. When microorganisms are encased in these solid 
materials, even in the form of small particles on the surfaces of 
the other solids, chemical sterilization will generally be ineffective. 
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GASEOUS STERILIZATION 1 


By Carl W. Bruch 

Wilmot Castle Company , Rochester , New York 

Gaseous sterilization, as it is presently used and understood, is a fortui- 
tous outgrowth of the field of agricultural and industrial fumigation. During 
the period between World Wars I and II, gaseous compounds were devel- 
oped to combat insect infestation in grain and grain products. Among the 
gaseous chemicals so developed were ethylene oxide and methyl bromide. 
Later, it was found that ethylene oxide reduced the microbial contamination 
of the treated foods, and this discovery led to the application and issue of 
patents concerning its formulation and use as a gaseous decontaminant and 
sterilant. By 1942, the use of gaseous ethylene oxide to reduce the microbial 
population of spices and gums had been described in several journals of food 
technology and manufacture. Early in World War II, the U. S. Government 
deemed it necessary to establish a biological warfare laboratory under the 
jurisdiction of the Chemical Corps of the U. S. Army. The use of gaseous 
fumigants as sterilants was reinvestigated by this group, and the results of 
their investigations with ethylene oxide were published by Phillips & Kaye 
in 1949 (1 to 4). Since their first paper gave a thorough review of the work 
on ethylene oxide prior to 1949, no attempt will be made to discuss these 
early reports. This review will cover much of the work of the past decade, 
particularly the past four years, and will overlap an extensive review pub- 
lished by Phillips (5) four years ago and a recent brief review by Phillips & 
Warshowsky (6). Because there is a tendency to become overly concerned 
with the medical applications of gaseous sterilization, the author will review 
the applications in the food industry where recent legislation by the federal 
government has curtailed the use of ethylene oxide on some products. 


Introduction 

Gaseous sterilization is the treatment of objects or materials with a chem- 
ical in the gaseous or vapor state to destroy all microorganisms with which 
they have been contaminated. The need for such a method of sterilization 
has developed from the use of many items that cannot be subjected to heat, 
radiation, or liquid chemical sterilization. The following advantages are 
noted : sterilization is at low temperatures thus avoiding damage to heat- and 
moisture-sensitive materials; objects or items can be terminally sterilized in 
their containers or packages; diffusion of some gaseous sterilants through 
containers of plastic, paper, or fabric eliminates problems of removal of 
sterilant; gaseous sterilants penetrate into areas not reached by liquids; 
sterilization by some gases takes place in the presence of large quantities of 

1 The survey of the literature pertaining to this review was completed in No- 
vember, 1960. 
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organic matter; and it is possible to use simple equipment such as plastic or 
rubber bags and metal drums as sterilizing chambers. The disadvantages are 
as follows: the length of time for sterilization and aeration is much greater 
than with other methods; the flammability of some gases requires special 
operating procedures; toxicity hazards exist with most sterilizing gases; 
chemical analyses are occasionally necessary to determine residues or addi- 
tion products formed during sterilization of some organic materials; corro- 
sion or other forms of physical damage can occur from improper sterilizing 
procedures; and the cost of sterilization is much greater than with moist or 
dry heat. As a general rule, gaseous sterilization needs close control and 
supervision to insure effectiveness. 

All of the compounds most actively employed in gaseous sterilization are 
alkylating agents. Brief sketches of some of the properties and the necessary 
requisites for their use as gaseous sterilants are presented for five alkylating 
agents in their decreasing order of use: (a) Ethylene oxide: C2H4O; b.p., 
10.4°C.; flammability limits in air, 3.6 to 100 per cent by volume; requires 
dilution by inert gases, carbon dioxide, or chlorofluorohydrocarbons, for safe 
use; usual concentrations for sterilizing purposes, 400 to 1000 mg. per 1.; re- 
quires relative humidity in the range of 25 to 50 per cent; has strong penetrat- 
ing ability and moderate microbicidal properties; most versatile gas for 
sterilizing purposes. ( b ) Propylene oxide: C 3 H 6 0; b.p., 34.0°C.; flammability 
limits in air, 2.1 to 21.5 per cent by volume; may or may not require dilution 
with inert gases for safe use; acceptable concentrations for sterilizing pur- 
poses, 800 to 2000 mg. per L; requires humidities in the range of 25 to 50 
per cent; penetrating ability and microbicidal properties are less than those 
of ethylene oxide; frequently used as a substitute for ethylene oxide. ( c ) For- 
maldehyde: CH 2 0; b.p., — 21°C. for pure gas, but approximately 90°C. for 
formalin solutions; flammability limits in air, 7 to 73 per cent by volume, 
but this hazard is minimized by the large percentage of water usually pres- 
ent; usual concentrations for sterilizing purposes, 3 to 10 mg. per I.; requires 
high relative humidity, over 75 per cent; has weak penetrating ability but 
strong microbicidal properties; most commonly used as a surface sterilant. 
(d) Methyl bromide: CH 3 Br; b.p., 4.6°C.; essentially non-flammable; usual 
concentrations for sterilizing purposes, about 3500 mg. per L; requires mod- 
erate relative humidities in the range of 40 to 70 per cent; has strong pene- 
trating ability but weak microbicidal properties; usually employed as a de- 
contaminant for fungi or vegetative bacteria, (e) /3-Propiolactone: C3H4O2; 
b.p., 163°C.; no flammability hazard at room temperatures; usual concentra- 
tions for sterilizing purposes, 2 to 5 mg. per 1.; requires high relative humid- 
ity, over 75 per cent; has weak penetrating ability but very strong microbi- 
cidal properties; essentially a surface sterilant. 

The differences among gases as to penetrating ability and humidity re- 
quirements for microbicidal activity are striking and must be considered for 
any intended use of each of these compounds as sterilants. It should be noted 
that propylene oxide and methyl bromide are more commonly employed as 
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gaseous decontaminants rather than as sterilants, i.e., they are used to de- 
stroy specific groups of organisms such as fungi, yeasts, coliforms, and sal- 
monellae. 

Other compounds which have microbicidal activity and which could be 
used in gaseous sterilization are epichlorohydrin, epibromohydrin, ethylene 
imine, ethylene sulfide, glycidaldehyde, propylene imine, chloropicrin, and 
ozone. Difficulty with commercial availability, increased toxicity, or lower 
microbicidal activity has prevented their practical development and use. 
Since most gaseous sterilization is carried out with ethylene oxide, this com- 
pound will be the focal point of this review. 

Biochemistry of Gaseous Alkylating Agents Used in Sterilization 

In 1949, Phillips (2) reported data obtained from studies with a group of 
gaseous alkylating agents which showed that microbicidal activity was di- 
rectly related to the alkylating activity of each chemical. Thus, ethylene 
oxide, ethylene sulfide, and ethylene imine are active alkylating agents and 
have strong bactericidal activity, but cyclopropane, which has the same 3- 
membered ring structure, is not an alkylating agent and is inert microbio- 
logically. Other compounds, e.g., methyl bromide, which are structurally 
quite different from ethylene oxide, but which possess similar activity as 
alkylating agents, were found to be active as vapor-phase bactericides. 
Later, Phillips (7) reported that bacterial spores, which are hundreds to 
thousands of times more resistant to heat and chemical disinfectants than 
are vegetative bacteria, were only slightly more difficult to kill with alkylat- 
ing agents than were vegetative cells. He suggested that the ability to kill 
bacterial spores relatively easily was a general property of alkylating agents, 
which can act through alkylation of sulfhydryl, amino, carboxyl, hydroxyl, 
and phenolic groups. 

Since 1946, there has been tremendous activity in research on the cyto- 
toxic effects of alkylating agents, particularly the nitrogen and sulfur mus- 
tards. Because of the close relationship between growth inhibitory activity 
and tumor induction, representative compounds from other groups of alkylat- 
ing agents have been tested for their cytotoxic activity. Various epoxides, 
ethylene imines, methanesulfonates, /3-lactones, and diazo compounds have 
been investigated. These groups of alkylating agents have been referred to as 
“radiomimetic poisons” because in their biological effects they closely simu- 
late ionizing radiations. 

Since there is a wide variety of structures among these groups of alkylat- 
ing agents, the only common feature is the ability to act as alkylating agents 
under physiological conditions. A further characteristic of all of these com- 
pounds is that they are electrophilic and most readily react with so-called 
nucleophilic (electron-rich) groups such as organic and inorganic anions, 
amino groups, and sulfide groups. It is convenient to picture the reactions 
as usually involving a carbonium ion (8). Esters, alkylated amines, ethers, 
thio ethers, and ammonium and sulfonium compounds are formed as a result 
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of these reactions. Under physiological conditions there will be little or no re- 
action with undissociated acid groups or with ammonium cations since these 
are not nucleophilic (8). 

Stacey et al. (9) have reacted bovine serum albumin under physiological 
conditions with different alkylating agents including foVepoxypropylether 
and propylene oxide. While all the different types of alkylating agents ester- 
ify carboxyl groups, only the epoxides reacted extensively with the primary 
amino and imidazole groups provided by the side chains of lysine and histi- 
dine, respectively. Further experiments (9) with two model substances that 
have only one kind of reactive group, the polyacid, polymethacrylic acid, and 
the polybase, polyvinyl amine, confirmed the fact that, while all the reagents 
used esterify carboxyl groups, only the epoxides reacted extensively with the 
amino groups. 

Contrary to these results, Fraenkel-Conrat (10) earlier had claimed that 
more than 50 per cent of the carboxyl groups of egg albumin and 0-lactoglobu- 
lin were esterified by propylene oxide. His method of estimation consisted of 
a determination of the amount of basic dye which combines with the protein 
at pH 11.5 after standing for a least 24 hr. There is ample evidence to show 
that the ester groups in proteins are completely saponified under these con- 
ditions, and therefore this method of analysis cannot be used for determining 
esterification of carboxyl groups (11). 

Windmueller et al. (12, 13) investigated the reaction of ethylene oxide 
with nicotinamide and nicotinic acid, and with histidine, methionine, and 
cysteine. These studies were directly related to the possible fate of these 
compounds when foods are fumigated with ethylene oxide. Ethylene oxide 
was found to react with nicotinamide in aqueous solution at 25°C. to yield, 
after acidification with HC1, N-(2-hydroxyethyl)-nicotinamide chloride. By 
a similar reaction, nicotinic acid is converted to the betaine of N-(2-hy- 
droxy ethyl) -nicotinic acid. Ethylene oxide reacted with imidazole or histi- 
dine to yield the corresponding l,3-6w-(2-hydroxyethyl)-imidazolium deriva- 
tive. With methionine or N-acetylmethionine, ethylene oxide hydroxyethyl- 
ates the sulfur to yield the corresponding sulfonium derivatives. Likewise, 
double alkylation of the mercapto group of cysteine produces a sulfonium 
group. The primary amino groups of these amino acids also become alkylated, 
but esterification of carboxyl groups does not seem to be involved. Thus, all 
of the reactions involved hydroxyethylation of an atom with one or more lone 
pairs of electrons, either nitrogen or sulfur. 

As a result of their work, Windmueller et al. (12) came forth with a hy- 
pothesis to explain the moisture requirements for ethylene oxide steriliza- 
tion. Their proposal is that water facilitates proton reactions, and protons 
are required by an alkylating agent such as ethylene oxide in its reaction with 
tertiary nitrogen compounds. It is my opinion that whether an alkylating 
agent has a low or high relative humidity requirement for activity as a gase- 
ous sterilant may also be related to whether the agent acts by first-order or 
second-order nucleophilic substitution reactions. Since this is a very complex 
subject, the reader is referred to the article by Price (14). 
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There is the possibility that alkylating agents produce their characteristic 
cytotoxic effects by enzyme inhibition. Phosphokinases, certain peptidases, 
choline oxidase, and acetylcholine esterase have proved to be among the 
most sensitive enzymes so far examined. The objection to the enzyme inhibi- 
tion theory has been that the concentrations of alkylating agent required for 
inactivation do not appear to be achieved in vivo when cytotoxic effects can 
be demonstrated (15). All alkylating agents appear to react readily with sulf- 
hydryl groups of proteins and enzymes although in the native protein not all 
sulfhydryl groups are accessible (9). 

Alexander & Stacey (16) hold the view that the biologically important 
reaction of alkylating agents occurs with DNA (or possibly RNA) in nucleo- 
proteins and modifies these in such a way that they become useless to the 
cell. The only way by which preformed DNA can be modified is by reaction 
with the phosphate groups, which constitute the Achilles heel of this sub- 
stance. The predominant reaction of epoxides with DNA is one of esterifica- 
tion of the phosphate groups and follows second-order reaction kinetics (9). 
After long treatments with excess epoxide (propylene oxide and hexane 
bisepoxide), changes in the ultraviolet absorption spectrum are noticed. 
There is increased absorption at 270 m/4, which suggests reaction with groups 
other than phosphate, such as the amino group of guanidine or one of the 
ring nitrogens of the purines or pyrimidines (9). As a result of their investiga- 
tions with both alkylating agents and radiation, Alexander 8c Stacey (16) 
feel that the biological damage of ionizing radiations and alkylating agents 
is initiated at the molecular level by an attack on the DNA moiety, although 
by different chemical reactions. It may be that the radiomimetic properties 
of alkylating agents account for the high microbicidal activity of these com- 
pounds and their consequent use as gaseous sterilants. 

Biological Effects of Gaseous Alkylating Agents 

During the past 15 years there has accumulated a vast amount of data 
which show that alkylating agents are mutagenic, that they damage the cyto- 
plasm and nuclei of rapidly growing cells, and that they cause injury to the 
chromosomal mechanism of rapidly dividing cells. These effects are usually 
noted in cells that are exposed to near-lethal concentrations of these agents. 
The desired goal in gaseous sterilization is the lethal effect on microorganisms, 
and there is little interest in the biological events that occur during this dis- 
infection process. Since mammalian cells are as liable as microorganisms to 
destruction by these chemicals, their toxic properties are of direct concern to 
man. Accordingly, a brief discussion of their mutagenicity, carcinogenicity, 
toxicity, and microbicidal properites is relevant. 

The mutagenic action of alkylating agents has been recorded for bacteria, 
yeasts, molds, barley seeds, and root tips of leguminous seedlings. Strauss 8c 
Okubo (17) state that protein synthesis is not required for the fixation of po- 
tential mutations in Escherichia coli by the alkylating agents, ethyl sulfate 
and epichlorohydrin. Kolmark 8c Giles (18) tested six different monoepoxides 
as inducers of reverse mutations in a purple adenineless strain of Neurospora 
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crassa . In general, they found that epoxy rings carrying side chains with 
strong electronegative properties are stronger mutagens than epoxy com- 
pounds with weak electronegative side chains. Ehrenberg & Gustafsson (19) 
have treated barley seeds with ethylene oxide and found it to be a mutagenic 
agent of equal or even greater efficiency than ionizing radiation; ethylene 
imine (20) is even more efficient as a mutagenic agent than ethylene oxide. 
/5-Propiolactone causes reversions to growth factor independence and gene 
mutation in N. crassa (21) and produces chromatid aberrations in lateral 
root- tip chromosomes of Vida f aba (22). Iyer & Szybalski (23) have found 0- 
propiolactone to be a very efficient mutagen for reversion to growth factor 
independence in E . colL 

After the discovery of the radiomimetic properties of alkylating agents, 
several of these compounds were tested for and were found to possess car- 
cinogenic activity (24). These findings were not noticed by the technical peo- 
ple doing research in gaseous sterilization until the proposed use of 0-propio- 
lactone as a gaseous sterilant for enclosed spaces was questioned by federal 
regulatory agencies and their scientific advisors (25, 26). /3-Propiolactone has 
been found to be an initiator of skin sarcomas and carcinomas in the mouse 
(27, 28, 29), and Wisely & Falk (30) have stated that single intradermal doses 
of 0.002 ml. in mice have caused sarcomas and squamous papillomas. The 
mention of the production of sarcomata in rats with diepoxybutane by 
Koller (31) and the confirmation if its carcinogenic activity by McCammon 
et al . (32) caused speculation that the monoepoxides, ethylene oxide and 
propylene oxide, would also be found carcinogenic. Walpole (24) has recorded 
the induction of sarcomata in rats after repeated injection of propylene oxide 
but not after treatment with ethylene oxide. He has concluded from his in- 
vestigations that the presence in a molecule of one or more groups having 
alkylating function may result in carcinogenic activity. It certainly behooves 
the users and practitioners of gaseous sterilization not only to be concerned 
with the acute and chronic toxicity of gaseous alkylating agents but also to 
keep all contacts with these compounds to a minimum to prevent any con- 
cern about the possibility of long-term biological effects. 

The acute toxicity of ethylene oxide and its irritant action on the skin 
and eyes are well known. Pure anhydrous liquid ethylene oxide does not pro- 
duce primary injury to the dry skin of workers, but solutions of ethylene 
oxide have a vesicant action (33, 34) and may cause conjunctivitis if splashed 
in the eye (35, 36). Burns are particularly likely to occur when the solution is 
held in contact with the skin by clothing, gloves, and shoes. In common with 
many other skin irritants, ethylene oxide can produce sensitization (34). 

Skin lesions can result from contact with ethylene oxide absorbed in 
sterilized rubber gloves and shoes (1, 37). Royce & Moore (37) have shown 
that immediately after overnight treatment in liquid ethylene oxide a piece 
of rubber weighing 1 gm. contained no less than 600 mg. of ethylene oxide. 
After sterilization in 10 per cent ethylene oxide gas, 1 gm. of rubber con- 
tained 15.4 mg. of the oxide; at 4 hr. there was 0.4 mg. remaining. A shoe can 
absorb up to 10 gm. of ethylene oxide during sterilization with this com- 
pound (38), and Beard 8c Dunmire (39) have used radioactive ethylene oxide 


88 



GASEOUS STERILIZATION 


251 


to determine which parts of shoes are most retentive. Grundy et al. (40) have 
established that ethylene oxide gas absorbed during the sterilization of 
plastic intravenous injection equipment exerted a continuing sterilizing effect 
after the materials were removed from the sterilizer. These data point to the 
necessity of holding treated plastic and rubber materials at least 8 hr. or 
preferably a day before use. 

Several recent papers have presented the results of animal experiments 
dealing with the acute and chronic effects of both ethylene oxide and propyl- 
ene oxide vapors. When animals were subjected to repeated 7-hr. exposures 
to ethylene oxide vapor, 5 days a week, for 6 or 7 months, guinea pigs, rab- 
bits, and monkeys tolerated 113 p.p.m., and rats aad mice tolerated 49 
p.p.m. without adverse effects (41). A concurrent independent study (42) 
observed that dogs, rats, and mice exposed over a 6-month period to 100 
p.p.m. of ethylene oxide exhibited no clinical signs of toxicity, but a few sig- 
nificant hematological changes were noted in one animal. These same investi- 
gators (42, 43) concluded from toxicity studies with propylene oxide that it 
was about one- third as toxic as ethylene oxide by inhalation and ingestion in 
all animal species studied. They recommended an industrial hygiene stand- 
ard of 50 p.p.m. for ethylene oxide vapor and 150 p.p.m. for propylene oxide 
vapor. Those readers interested in the toxicity of other gaseous alkylating 
agents should consult the article by Rowe (44) on methyl bromide, the paper 
by Feazel & Lang (45) on /3-propiolactone, and any good toxicology hand- 
book for the toxicity of formaldehyde vapor. 

Most of the available reports concerned with the microbicidal properties 
of gaseous alkylating agents present data that relate the physical factors of 
time, temperature, relative humidity, and concentration of gas to the de- 
struction of a given population of microorganisms. Only the report of Love- 
less & Stock (46) on the inactivation of T 2 phage by aqueous alkylating 
agents describes in part how mono- and fris-epoxides react with a microorgan- 
ism. Their data support many of the biochemical mechanisms of alkylating 
action previously discussed and may promote more basic research to learn 
how ethylene oxide inactivates microorganisms. 

Ethylene oxide is effective against all microorganisms. The earlier litera- 
ture containing references to its effect on many bacteria and molds as nat- 
ural contaminants has been reviewed by Phillips & Kaye (1). Phillips (2, 7) 
was the first to quantitate the relative resistance of spore-forming and vegeta- 
tive bacteria to ethylene oxide. He found that spores of Bacillus globigii (now 
B. subtilis var. niger) were only 2 to 6 times more resistant than vegetative 
cells from several bacterial species. Although no quantitative data are avail- 
able for the relative resistance of Mycobacterium tuberculosis to ethylene 
oxide, several papers (47 to 50) have verified its destruction on contaminated 
materials. Friedl et al , (51) tested the sporicidal activity of ethylene oxide 
against five aerobic and five anaerobic spore-forming bacterial species em- 
ploying the sporicide testing method of the Association of Official Agricul- 
tural Chemists. Dried spores, which were much more resistant to ethylene 
oxide than were wet spores, from all test organisms were destroyed after an 
18-hr. exposure. Under their conditions, spores of B . subtilis and Clostridium 
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sporogenes withstood a 6-hr. exposure, while spores of B. globigii and B. 
anthracis were killed in 30 min. No direct relation could be found between 
resistance to constant boiling HC1 and to ethylene oxide. Although there have 
been occasional reports of the destruction of staphylococci only after pro- 
longed exposure to ethylene oxide (52, 53), the data available from studies 
that were designed to compare the resistance of bacterial spores and staphylo- 
cocci have shown bacterial spores to be more resistant (2, 50, 54, 55). Toth 

(56) has recorded aerobic sporeformers to be more resistant than vegetative 
bacteria, yeasts, and molds to destruction by ethylene oxide. Church et al. 

(57) have pointed out that populations of spores of some aerobic bacilli are 
heterogenous in their susceptibility to ethylene oxide and consist of a major 
component sensitive to ethylene oxide and a minor component resistant to 
ethylene oxide. 

The sterilizing activity of ethylene oxide for viruses has been confirmed 
by several investigators. The following viruses have been inactivated by 
liquid ethylene oxide: vaccinia (47), influenza A and B (58), Newcastle dis- 
ease virus (58), Theiler’s mouse encephalomyelitis virus (58), MM mouse 
encephalomyelitis virus (58, 59), lymphocytic choriomeningitis virus (59), 
Eastern equine encephalomyelitis virus (59, 60), and foot-and-mouth dis- 
ease virus (61, 62). The activity of gaseous ethylene oxide against 15 animal 
viruses was noted by Mathews & Hofstad (63), against foot-and-mouth dis- 
ease virus by Savan (64), Cailis et al. (65), and Fellowes (62), and against 
Columbia SK encephalomyelitis virus and vaccinia virus by Klarenbeek <& 
van Tongeren (66). 

The microbicidal properties of the other alkylating agents employed in 
gaseous sterilization have not been quantitated to the same extent as have 
those of ethylene oxide. Phillips (5) has adequately noted the bactericidal 
properties of gaseous formaldehyde. The sporicidal activity of methyl bro- 
mide against spores of B . anthracis has been documented by Kolb & Schneiter 
(67) and Kolb et al. (68) and against fungi by Munnecke etal. (69). Phillips 
(5) states that methyl bromide has one-tenth the activity of ethylene oxide 
or approximately the activity of 10 per cent ethylene oxide inerted with 90 
per cent carbon dioxide by weight. Bruch & Koesterer (70) have quantitated 
the sporicidal activity of propylene oxide, which has about one-fourth the 
activity of ethylene oxide. The microbicidal properties of j6-propiolactone 
are recorded in several papers from the U. S. Army Biological Warfare 
Laboratories (71, 72, 73). On a Ctgo basis (molar concentration of gas times 
the time for 90 per cent kill), 0-propiolactone is approximately 25 times more 
active as a vapor-phase disinfectant than formaldehyde, 4000 times more ac- 
tive than ethylene oxide, and 50,000 times more active than methyl bromide 
(71). 

To date, all evidence indicates that the effect of ethylene oxide or the 
other alkylating agents employed in gaseous sterilization is irreversible and 
microbicidal. However, Morpurgo & Sermonti (74) have demonstrated the 
reactivation by manganous chloride of spores of Penicillium chrysogenum in- 
activated by nitrogen mustard. They suggest that the site of the inactiva- 
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tion-reactivation process is in the cytoplasm of these spores. If their work is 
confirmed, this effect should be sought following the inactivation of organ- 
isms by other alkylating agents. 

Physical Handling and Mode of Use of Gaseous Sterilants 

Sterilization with gaseous ethylene oxide is a function principally of the 
concentration of gas, time of exposure, and temperature of exposure. Hu- 
midity must be known and controlled within certain limits, i.e., a certain 
minimal amount of moisture must be present for sterilization to occur. The 
degree of contamination constitutes another important variable since organ- 
isms protected by layers of dense organic material such as dried pus, blood, 
and serum or entrapped within crystals of salt or the dried solids from thick 
microbial suspensions can resist destruction by this method. The molecules 
of gas plus some molecules of added water or of water already present in the 
material must be in contact with an organism for inactivation to occur. 

As a result of the report by Kaye & Phillips (4), it is generally accepted 
that ethylene oxide sterilization proceeds better at relative humidities of 
from 25 to 50 per cent than at humidities approaching saturation. These data 
support the empirical use of ethylene oxide in the presence of no added 
moisture by food processors (52, 75, 76, 77). These processors rely on the 
available water present in the dried powders or flakes to provide the neces- 
sary water for the inactivation reaction. The difficulties experienced in the 
destruction of excessively desiccated organisms (4, 63) can be traced to the 
lack of water in the cells or to the inability of added water to penetrate the 
dry cells. Opfell et aL (78) have shown that the absence of hygroscopic sub- 
stances in the drying menstruum of spores of B. globigii increased the re- 
sistance of these spores to sterilization by ethylene oxide. Znamirowski et aL 
(55) have claimed that lack of humidity control was responsible for the in- 
efficiency of a commercially available ethylene oxide sterilizer, but an anal- 
ysis of their methods and data indicates that entrapment of spores in salt 
crystals provides a more likely explanation for the failure to achieve sterility. 

Ethylene oxide concentrations are usually expressed as milligrams per 
liter (mg. per 1.) or ounces per 1000 cubic feet of chamber space. In a series of 
experiments with ethylene oxide at concentrations of 22 to 884 mg. per 1. and 
temperatures of 5 to 37°C., Phillips (2) found that the death rate was loga- 
rithmic, that doubling the concentration of ethylene oxide roughly halved 
the time required for sterilization, and that the temperature coefficient of 
the reaction was 2.7 for each rise of 10°C. Although the exact time for 
sterilization depends on the volume of the load, the nature of the materials 
and their degree of contamination, our laboratory employs 720 mg. per 1. for 
8 hr. at 100°F. (37.7°C.) or for 4 hr. at 130*F. (54.4°C.) for a load of clean 
plastic items in a 24-cubic foot sterilizer. These times are increased several 
fold for loads of greater volume in larger sterilizers. 

Any gaseous sterilization process should be controlled by the use of bio- 
logical indicators placed in the most difficult article or location in an article 
to be sterilized. Spores from any of several spore-forming bacterial species 
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can be employed, but unpublished data from our laboratory have shown that 
spores from certain strains of B. subtilis and C . sporogenes are highly re- 
sistant. Friedl et al. (51) have also described these two organisms as being 
highly resistant to destruction by ethylene oxide. The use of spores with high 
heat resistance is not necessary since no correlation has been found between 
resistance to heat and gaseous sterilization. The concentration of organisms 
used should be reasonable (not greater than 1 X 10 6 spores dried on a 2-in. by 
J-in. filter paper strip) because physical protection from dense concentration 
can result. Royce & Bowler (79) have recently reported the use of a chemical 
control device that has been correlated against biological inactivation by 
ethylene oxide. This device requires sorption and penetration of its plastic 
package by ethylene oxide before the gas can react with the chemical re- 
agents. 

Although the penetration and diffusion of ethylene oxide through mate- 
rials such as flour, spices, and layers of paper, clothing and blankets has been 
documented in past reviews (1,5,6), much more data are needed on the sorp- 
tion by and penetration through many plastic films and articles. Among the 
inexperienced, it is not uncommon to attempt to sterilize articles wrapped in 
plastic films that are nearly gas- and moisture-proof. Waack et al. (80) have 
determined the permeability constants for several polymer films to ethylene 
oxide, methyl bromide, and other gases. Results of their studies showed that 
polyethylene and rubber hydrochloride (see original article for trade names) 
were most permeable to ethylene oxide, whereas cellulose acetate, polyvinyl- 
idene chloride, and polyester were less permeable to ethylene oxide in the 
order listed. Dick & Feazel (81) in the development of flexible plastic cham- 
bers for ethylene oxide sterilization tested the relative permeability of sev- 
eral plastic films and found cellophane, polyvinyl alcohol, and polyester im- 
permeable to ethylene oxide under their test conditions. The results of Lloyd 
& Thompson (82) with wrapping materials such as cellophane, polyvinylidene 
chloride, polyethylene and laminated polyester indicated that polyvinylidene 
chloride was the most difficult and polyester rather difficult to penetrate with 
ethylene oxide. Unpublished data from our laboratory indicate that poly- 
ethylene, which is highly permeable to ethylene oxide, has a low transmission 
rate for water vapor, but since the humidity requirement for ethylene oxide 
sterilization is low, enough water vapor is usually present in the packages to 
allow satisfactory sterilization. 

Although liquid ethylene oxide is stable to detonating agents (36), the 
vapor is explosive and will propagate a flame at concentrations ranging from 
3.6 per cent by volume in air to 100 per cent ethylene oxide (36, 83). This 
flammability problem can be avoided by dilution with inert gases such as 
carbon dioxide (84) or chlorofluorohydrocarbons (83, 85). Definite non- 
flammable compositions have been formulated, and many of these gaseous 
mixtures are commercially available. This safety is achieved at a considerable 
loss in potency since about 90 per cent of these mixtures is diluent. This loss 
of potency is less for the chlorofluorohydrocarbon mixtures (11 per cent by 
weight ethylene oxide and equal parts by weight of dichlorodifluoromethane 
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and trichloromonofluoromethane) since the concentration of ethylene oxide 
attained with these mixtures at 1 atm. pressure is almost three times that ob- 
tained with carbon dioxide mixtures (10 per cent ethylene oxide by weight). 

A wide variety of equipment has been used for ethylene oxide treat- 
ments. Any gas-tight container can be employed although rigid chambers 
similar to laboratory autoclaves are usually used. The use of large vacuum 
chambers from which air is first removed before pure ethylene oxide is ad- 
mitted has been described for the decontamination of bulk food materials 
(52, 75, 76, 77, 86, 87). The conversion of ordinary laboratory autoclaves (49, 
88, 89) and the use of plastic bags (81, 89), tarpaulins (38, 89), and metal 
drums (38, 89) have been reported. Specially designed, automatic equipment 
is now commercially available (90, 91, 92). Recently, in West Germany, 
commercial equipment has become available that employs the 10 per cent 
ethylene oxide-90 per cent carbon dioxide mixture at pressures of 3 to 6 atm. 
and temperatures of 35 to 65°C. (50, 93). This procedure has been called the 
u Mainz sterilization method” and appears to have few advantages over 
the processes that employ the chlorofluorohydrocarbon mixtures at much 
lower pressures and at similar ethylene oxide concentrations. 

The physical handling and mode of use of other gaseous sterilants can be 
given only brief mention. The sterilization of rooms or large spaces with 
formaldehyde has been reviewed before (5), and its recent use in disinfecting 
chambers has been detailed by several European workers (94, 95, 96). The 
employment of ^-propiolactone as a surface sterilant in small chambers, 
rooms, or buildings has been cited in several recent publications (25, 26, 71, 
97, 98), Propylene oxide (70, 99) and methyl bromide (67, 68, 69) are utilized 
in the same type of equipment as ethylene oxide. 

Medical Applications of Gaseous Sterilization 

It has been documented in past reviews that ethylene oxide will sterilize 
hospital bedding, plaster of Paris bandages, various articles of clothing and 
footwear, plastic and rubber laboratory items, ophthalmic instruments, 
catheters, cystoscopes, bronchoscopes, forceps, extractors, scalpel blades 
and holders, clinical thermometers, dental and root canal files, and penicillin 
in powder or solution. These accepted uses and the newer applications for 
ethylene oxide sterilization in hospital practice have also been discussed by 
Spaulding et ah (100), Freeman & Barwell (54), and Thomas (101). 

Recent applications are included in the reports of Skeehan (102) and 
Linn (103), who have sterilized ophthalmic instruments in a small, table- 
model, ethylene oxide sterilizer. This same model of sterilizer has been criti- 
cized as being inefficient (104), and another group (100) has doubled the 
manufacturer’s recommended exposure time. Other new or confimed appli- 
cations are the sterilization of blankets (53), urological instruments (105), 
plastic intravenous injection equipment in commercial packages (40), am- 
pules for anesthesia (106), procaine hydrochloride tablets (107), and the de- 
contamination of blankets by the addition of ethylene oxide to plastic bag 
containers (108). Additional uses that are known to the reviewer include the 
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sterilization of surgical rubber gloves, sutures, plastic syringes, disposable 
needles, oxygen tents, inhalation equipment, cameras, and photographic film. 

A new application that has received much attention is the sterilization of 
pump-oxygenators. Spencer & Bahnson (109) modified a standard steam 
autoclave to sterilize a completely assembled pump-oxygenator with the 
ethylene oxide-chlorofluorohydrocarbon mixture. McCaughan et al. (110) 
made a 61-cubic ft stainless steel chamber which employs the ethylene oxide- 
chlorofluorohydrocarbon mixture at a concentration of 180 to 200 mg. per 1. 
Completely reliable sterilization of an assembled vertical screen pump- 
oxygenator was obtained at 16-hr exposure at room temperature and ambi- 
ent humidities. Bracken et al. (Ill) have used large polyvinyl chloride bags 
and the 10 per cent ethylene oxide-90 per cent carbon dioxide mixture to 
sterilize a heart-lung machine. They eventually hope to simplify the steriliza- 
tion technique by discarding the plastic bag altogether and to maintain an 
adequate concentration of ethylene oxide in the machine by a slow trickle, 
i.e., the oxygenator would become its own sterilizing chamber. 

To the reviewer’s knowledge gaseous formaldehyde is very seldom used 
in the United States to sterilize hospital equipment and supplies or to fumi- 
gate hospital rooms. However, in Great Britain the committee on formalde- 
hyde disinfection of the Public Health Laboratory Service has recently sub- 
mitted a lengthy report on disinfection of hospital items by gaseous formal- 
dehyde (95). This committee concluded that formaldehyde gas could not be 
recommended for disinfection of fabrics contaminated with smallpox virus or 
anthrax spores, nor was it really suitable for the disinfection of articles con- 
taminated with tubercle bacilli. Contrary to these findings Caplan (96) has 
reduced the incidence of infections in a surgical ward by the regular disinfec- 
tion of blankets and bedside curtains with formaldehyde vapor. Thomas 
et al. (53) compared sterilization of blankets by several methods. Although 
they list boiling as the simplest way of “sterilizing” blankets, ethylene oxide 
was considered a more promising sterilizing agent than formaldehyde, which, 
in normal use, allowed the survival of non-sporulating organisms. Phillips 
(5) in past reviews has noted the deficiencies of formaldehyde disinfection 
(condensation of gas and lack of penetration) and has pointed out how 
superior ethylene oxide is for many of these hospital applications. 

Another gaseous alkylating agent that is felt to have potential applica- 
tions in the hospital field is /3-propiolactone. Like formaldehyde, this gas is 
non-penetrating and essentially a surface sterilant. After Hoffman & War- 
showsky (71) detailed its microbicidal properties and mentioned its use to 
decontaminate a barracks, several reports on its use in hospital rooms fol- 
lowed (25, 26, 27). In general, these reports have shown that rooms can be 
treated and put back into use within 24 to 48 hr. The commercial develop- 
ment of this application has been hindered by the discovery of the carcino- 
genic properties of this compound on mouse skin as previously discussed. An 
additional limited application is the .sterilization by the lactone of surfaces 
of unwrapped ophthalmic instruments in plastic sacks, desiccators, and 
plastic or metal boxes (98). 
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Agricultural and Industrial Applications of 
Gaseous Sterilization 

Although gaseous sterilization with ethylene oxide had its birth in the 
food industry, much of the information regarding this application has re- 
mained a trade secret or has been listed briefly in patents. Very little infor- 
mation has been published in the United States during the past decade that 
describes new applications for ethylene oxide sterilization in this field. Some 
data on existing and known uses were presented by Hall (86) , Pappas & Hall 
(87), and Coretti (112) verifying the destruction of thermophiles, yeasts, and 
molds in food ingredients. What is new and what has brought a sharp turn of 
events in this field has been the examination of the treated foods toxicologi- 
cally and the promulgation of regulations by governmental agencies regard- 
ing acceptable levels of addition products and residues. 

The first reference to nutritional damage of foods treated with ethylene 
oxide was presented in the paper by Hawk & Mickelsen (113), who noted 
severe growth depression in weanling albino rats when their diet, either 
stock or purified, had been exposed to the gas. Thiamine was indicated to be 
one of the factors, though not the only one, destroyed by this treatment. 
Oser & Hall (114) followed with evidence that when dried yeast and a rat 
diet composed of natural products were exposed to ethylene oxide accord- 
ing to a commercial method, there was no significant destruction of thi- 
amine, riboflavin, nicotinic acid, pantothenic acid, or choline. There was an 
indication that some folic acid and pyridoxine were destroyed. The reviewer 
cannot agree with their objections that the levels of treatment used by Hawk 
& Mickelsen were too severe since gas concentrations in food sterilization 
can range from 300 to 1000 mg. per 1. (75, 76, 115) and Griffith & Hall report 
the use of 1600 mg. per 1. in one of their patents (116). 

Further work by Bakerman et al (117) has shown that various vitamins 
were destroyed when mixtures of the B vitamins suspended in starch were ex- 
posed to ethylene oxide. Practically all of the thiamine and large amounts 
of riboflavin, pyridoxine, niacin, and folic acid were destroyed when choline 
chloride was present; there was no destruction of pantothenic acid, biotin, or 
vitamin Bi 2 . The effect of ethylene oxide on thiamine was due in part to the 
increase in pH in the presence of choline chloride; the destructive effect of 
ethylene oxide on thiamine solutions at pH 9 has also been shown by Diding 
(107). This alkalinity may explain the destruction of thiamine but cannot ex- 
plain the destruction of niacin, riboflavin, or folic acid. 

Windmueller et al (118) observed that exposure of casein to very high 
concentrations of ethylene oxide resulted in essentially complete destruction 
of histidine and methionine determined by rat feeding studies and microbio- 
logical assays. As a result of their work, Mickelsen (119) ran microbiological 
assays on purified diets exposed to ethylene oxide under conditions that he 
previously described (113) and found that 22 per cent of the histidine and 17 
per cent of the methionine were destroyed. 

The realization that a tertiary nitrogen group was common to six of the 
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labile nutrients prompted Windmueller et al . (12) to investigate the reaction 
of ethylene oxide with pyridine and the closely related nicotinamide and 
nicotinic acid. The destructive action of ethylene oxide on histidine, methi- 
onine, cysteine, and lysine was also studied in model systems in which the 
individual amino acids or amino acid derivatives were treated with ethylene 
oxide in aqueous solution (13). Nutritional damage by ethylene oxide treat- 
ment appears to be correlated with the electrophilic hydroxyethylation of an 
atom with one or more lone pairs of electrons, either nitrogen or sulfur. 

With the passage in 1958 of the Food Additives Amendment to the U. S. 
Food, Drug and Cosmetic Act, the use of direct and indirect food additives 
not approved by the U. S. Food and Drug Administration was to be halted 
after March 6, 1960, although temporary extensions until March 6, 1961, 
could be granted. Ethylene oxide is considered a direct additive to foods 
treated with it and has been granted temporary clearance until March 6, 
1961, for use in dried fruits, ground spices, dried mushrooms, and edible gums 
(120, 121). The objection to the use of ethylene oxide stems not only from 
the destruction of vitamins and amino acids but also from the known toxicity 
of ethylene and diethylene glycols that are almost invariably formed in small 
quantities as the hydrolytic residues from ethylene oxide sterilization of 
foods. Thus, the food industry has started to search for new sterilants, is re- 
examining other compounds such as propylene oxide and methyl bromide, 
and is developing new chemical procedures for residue determinations. 

Gordon et al. (122) fumigated a prune with C* 4 -ethylene oxide and de- 
termined the main sites of alkylation. They found over 50 per cent of the 
total radioactivity to be combined with insoluble hydroxyethyl cellulose in 
the prune skin, about 30 per cent as hydroxyethylated sugars in the pulp, 10 
per cent as alkylated proteins and amino acids, and 3 per cent as glycols. A 
similar study has been carried out by Winteringham and associates (123, 124, 
125) with Ci 4 -methyl bromide and wheat flour. The data from these papers 
indicate that no toxic products per se are formed, but only animal feeding 
studies could confirm this supposition. 

Other new uses for gaseous sterilants in the agricultural field include the 
sterilization of dried gelatin and dried eggs by ethylene oxide or its mixture 
with propylene oxide or methyl bromide (126). Although Adam (127) has 
confirmed the destruction of salmonell$.e in egg powder by this method, 
he urges caution in the adoption of this technique because of possible toxico- 
logical and nutritional effects. The decontamination of various seeds with 
ethylene oxide has been described by Steinkraus et al. (128), and the destruc- 
tion of fungi in barley seeds by propylene oxide has been recorded by Tyner 
(129). McBean Sc Johnson (130) and Nury etal . (131) have reported the pres- 
ervation of prunes with propylene oxide, and Bruch Sc Koesterer (70) have 
utilized propylene oxide to decontaminate flaked and powdered foods. 

While sterilization of powders is a problem in the pharmaceutical indus- 
try, many of the details of their techniques are kept as trade secrets. Bullock 
& Rawlins (132) have detailed the sterilization of kaolin powder mixtures by 
gaseous formaldehyde moving through the powders at constant flow rates or 
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constant gas concentrations. They showed that the death rate of spores of 
B . subtilis is a function of the amount of formaldehyde permeating the 
powders in unit time and that humidities over 85 per cent are required for 
this process. A similar apparatus was used by Abbott et al. (133) to expose 
crystals formed from liquids contaminated with spores of B. subtilis to steril- 
ization by gaseous formaldehyde and ethylene oxide. Neither of these gases 
could sterilize crystals which had spores entrapped in the crystal matrix. The 
static sterilization of talc powder in powder cans by the injection of propyl- 
ene oxide or ethylene oxide has been listed in a recent patent by Masci (134). 

Other recently noted applications for formaldehyde include the decon- 
tamination of microbiological laboratories (135) and incubators in egg 
hatcheries (136). These uses for formaldehyde will eventually be assumed by 
jd-propiolactone vapor. Several investigators have demonstrated the decon- 
tamination of large industrial laboratories with this compound (25, 26). The 
full usefulness of /3-propiolactone will not be achieved until its toxicity is 
further defined. 

Future 

After an attempt at some representation of the total picture of the field 
of gaseous sterilization, a projection into the future reveals many bright areas 
contrasted with some uncertain areas which need delineation and clarifica- 
tion. On the promising side is the fact that the use of ethylene oxide in the 
hospital and medical field will grow. The increasing use of disposable plastic 
materials requires their sterilization by a “cold” method. As specialized ap- 
paratus such as heart-lung machines become more prevalent in hospitals, the 
installation of permanent gaseous sterilization equipment will follow. The 
problems of staphylococcal contamination in many hospitals has forced 
numerous “infections committees’ , to consider sterilization of blankets, 
linens, and mattresses with ethylene oxide and even decontamination of pa- 
tients’ rooms with jS-propiolactone or formaldehyde. Thus, the potential ap- 
plications for gaseous sterilization look very bright and hopeful in this area. 

In contrast, the future of gaseous sterilization in the food and agricul- 
tural field is certainly cloudy and befuddled. Although the use of gaseous 
chemicals as fumigants (destruction of insects and fungi) is a permanent part 
of the agricultural scene, the application of these same gaseous chemicals for 
sterilization of food or materials that may come into contact with foods re- 
mains to be cleared with governmental regulatory agencies. It may well be 
that the use of the available gaseous sterilants will have to be closely con- 
trolled with respect to the type of foods treated and the degree of decon- 
tamination that would be acceptable. Certainly, the presence of pathogenic 
staphylococci and salmonellae in many dried foods necessitates some reme- 
dial action. Part of the uncertainty regarding gaseous sterilization of food 
results from lack of knowledge of possible toxic or damaging effects, but, as 
more information is accumulated about the toxicological, cytotoxic and 
tumor-inhibiting effects of alkylating agents, the present difficulties will cer- 
tainly be resolved. 
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Sterilization with Gaseous Ethylene Oxide: 

A Review of Chemical and Physical Factors 

ROBERT R. ERNST and JOHN E. DOYLE, 
Research Laboratory, Castle Company, Rochester, New York 14628 


Summary 

Although the basic parameters for ethylene oxide sterilization are established, 
it is sometimes difficult to attain in practice where the principal limiting factor 
is moisture availability. There are situations which can limit or enhance the 
dynamics of sterilization. Such factors, if overlooked, could upset experiments 
and lead to erroneous conclusions, or defeat the sterilization process entirely. 
Such are, namely: stratification effects, diffusion barriers, moisture-reducing 
effects, polymerization, and temperature distribution gradients. 

Introduction 

Fumigation is almost as old as civilization itself. The application 
of ethylene oxide as a fumigant several decades ago set the stage for 
ethylene oxide to become one of the two major sterilizing agents of 
the present time. Like many new concepts, the ethylene oxide 
sterilization process is both highly praised by many and severely 
condemned by others. Since there is no overall panacea for steriliza- 
tion, let us recognize the fact that all processes have limitations, and 
sterilization processes are not excluded. 

Consideration of many factors leads one to an appreciation of the 
fact that cold sterilization with ethylene oxide (EO) or any other 
sterilizing gas is exceedingly more complex than the classical steam 
process. Whereas sterilization with steam is concerned with a 
biphasic mixture of two components, the EO system can be a tri- 
phasic complex cf five components. 

Many of the parameters of EO sterilization have already been 
mentioned in the basic work of early investigators in this field. 
However, many interrelationships have been overlooked by novices 
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in the application of basic data to the sterilization process. The 
result has been discouragement, discontent, and the publication of 
papers denouncing the process on the basis of results obtained be- 
cause of ignorance of many of the intricacies involved in the success- 
ful process. 

The principal limitation in ethylene oxide sterilization seems to be 
diffusion and how the diffusion of moisture, gas, and heat are limited 
by protective effects provided by the state of materials to be sterilized 
and by dynamic changes occurring in and surrounding their con- 
taminated sites. In addition, there are other factors which can 
further limit or enhance the dynamics of sterilization. Such factors 
if overlooked could upset experiments and lead to erroneous conclu- 
sions, or defeat the sterilization process entirely. 

Basic Parameters 

Since most of the basic work on gaseous ethylene oxide was done 
at temperatures and pressures below those set by commercial 
sterilizer manufacturers, Ernst and Shull 1 attempted to expand the 
knowledge of basic parameters to higher temperatures and pressures 
or concentrations. Investigating the relationships of temperature 
and .concentrations, results were in general agreement with Phillips, 2 
but revealed a very interesting new phenomenon. 

The fact that the system was found to be basically a first-order 
reaction was reconfirmed by Ernst and Shull 1 and El Bisi et al. 3 
However, Ernst and Shull discovered that kinetics went beyond first 
order to zero order with respect to high ethylene oxide concentrations 
at higher treatment temperatures. Within low temperature ranges 
the average Q 10 for the range of concentrations tested agreed with 
Phillips’ 2.74. The thermochemical death curves depicted in Figure 1 
show that each concentration reflected its own Q 10 at the lower 
temperatures, and the straight lines representing the first-order 
kinetics converged with the straight line representing zero with 
respect to concentration. At temperatures above those represented 
by the points of intersection, concentration was no longer a limiting 
factor. In the zero-order region the Qio was found to be 1.80 as a 
minimal limit. This is in close agreement with El Bisi 3 who recorded 
a Qio of 1.5. Opfell 4 had previously noted also that doubling the 
ethylene oxide concentration in his system had negligible added 
effect. 
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Fig. 1 . Thermochemical death time curves for spores of Bacillm subtihs var. mger 


Before leaving Figure 1, note that the thermochemical death time 
for the sterilization of exposed surfaces with EO in a prehumidified 
environment of 40% relative humidity (RH) at 130°F. can be accom- 
plished in a time equivalent to sterilization with saturated steam at 
250°F. In agreement with the majority of investigators in the field, 
the principal limiting factor to sterilization does not appear to be 
ethylene oxide concentration at commercial sterilizing temperatures, 
but moisture. Ernst and Shull 5 indicated how barriers to the effec- 
tive diffusion of moisture could limit ethylene oxide effectiveness 
even when working in the zero-order concentration region, and what 
influence temperature, and the means of providing moisture, had on 
the system. They found that severely dried barrier materials create 
a greater demand for humidification, and that prehumidification 
under a previously evacuated environment facilitates shorter sterili- 
zation times over the use of a humidity “conditioned” gas. 

“Carrier” materials used as supporting media for microbial popu- 
lations; materials which could act as barriers to the diffusion of 
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moisture such as proteinaceous debris, and crystallizable salts, and 
how such preparations would affect the resistance of a microbial 
population to gaseous EO were investigated (Ernst and Doyle 6 ) 
Ernst and Doyle 6 investigated various carrier materials used as 
supporting media for spores, the effect due to the cleanliness of the 
spores used, and the effect of severe drying. From Table I a wide 
range of resistance can be seen with no consistent differences between 
spores on hard or porous surfaces. What we noticed however, was 
a large zone of partial survival, especially in the last three carriers 
listed. We believe this large zone was due to the lack of proper 
cleaning of the spores. 


TABLE I 


Effect of Various Carriers on the Resistance of Bacillus var. mger 
(10 5 spores/unit) to Ethylene Oxide (1200 mg./l at 40% RH, 130°F ) a 


Carrier material 

Total survival, 
min. 

Partial survival, 
min. 

Bibulous paper 

3 

<5 

Chromatography paper 

3 

<5 

Nylon film 

— 

<10 

Polypropylene film 

— 

<10 

Aluminum foil 

— 

<10 

Nylon fabric 

— 

>10 

Wax paper 

— 

>10 

Rubber glove film 

— 

>10 

Aclar film 

— 

>10 

Poly (vinyl chloride) film 

4 

<25 

100% Acetate fabric 

5 

>45 

Heavy paper 

— 

<1 hr. 

Acetate-Rayon fabric 

45 

>1 hr 


‘Spore suspension washed 2 times in distilled water. 


However, Table II shows the effect of various carriers on the 
survival of a carefully cleaned preparation of Bacillus subtihs spores. 
Once again there was little difference as to whether the carrier was 
absorbent or non-absorbent. Extremely high resistance due to any 
carrier was not observed with these spores. 

Since the cleanliness of a spore suspension seemed to be an im- 
portant aspect of the relative resistance of spores to EO it was 
investigated further. Since hard surfaces have been reported to 
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TABLE II 


Effect of Various Carriers on the Resistance of Bacillus var. niger 
(10 6 spores/unit) to Ethylene Oxide (1200 mg./l. at 40% RH, 130°F.) a 


Carrier material 

Total survival, 
min. 

Partial survival, 
min. 

Yellow sponge (“Ivalon”) 

5 

<15 

Reinforced cellulose 

5 

<15 

100% Cotton fabric 

5 

<15 

100% Rayon fabric 

5 

<15 

Aluminum foil 

5 

<15 

Chromatography paper 

5 

<15 

100% Acetate fabric 

<5 

<5 

Rick-rack 

<5 

<15 

Glass tubing 

<5 

<10 

Wax paper 

<5 

<10 

Polyethylene film 

<5 

<10 

Balsa wood 

5 

<10 

Acetate-Rayon satin 

5 

<10 

Rubber glove film 

<5 

>15 


*Spore suspension washed 8 times in distilled water 


create a greater resistance than porous surfaces, aluminum foil 
carriers were compared with porous paper carriers. Also because 
desiccation, has been reported by Gilbert et al., 7 and Phillips 8 to in- 
crease the resistance of spores and even defeat their sterilization it 
was decided to investigate this aspect also. 

Strips made from five suspensions of spores were divided, half 
being dried and kept at room temperature, the other half being 
desiccant-dried under vacuum over calcium sulfate at room tem- 
perature until ready for experimentation. Hence, there were air- 
dried and desiccant-dried aluminum foil and paper carriers con- 
taminated with spores of 10 6 unit of varying degrees of cleanliness 
as shown by the number of resuspensions reflecting the washing 
procedure in distilled water. Figure 2 summarizes the experimental 

results. , 

Considering the aluminum carriers, one can readily see that it the 
suspension is not cleaned at all, an extreme resistance is obtained, 
probably due to occlusion of the spores in the dried media constit- 
uents. With one washing the broad region of partial survival 
attained indicates that some spores were being randomly protected. 
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Fig. 2. Effect of relative cleanliness on the resistance of Bacillus subtilis var. 
mger to gaseous ethylene oxide. 


With a second washing there was still some effect of the inadequate 
washing of the suspension, however only on the undesiccated carriers. 
After the third washing the resistance levels off to 3 min. total survival 
and 4y 2 min. total inactivation. The partial survival zone is 
approximately only l / 2 min. Desiccation had little effect on the 
resistance of the spores. 

With the porous paper carrier the effect of the relative cleanliness 
of the spore suspension can also be seen. Complete resistance to EO 
was not obtained, however, even with the suspension which was not 
washed at all. The desiccated carriers were less resistant than the 
normally dried carriers when they had been washed up to two times. 
Upon further washing, spores on either undesiccated or desiccated 
strips had equal resistance. 

In comparing the aluminum foil carrier (a hard surface) with the 
paper carrier (porous surface), the cleanliness of the spore suspension 
used greatly determined any difference in resistance. In every degree 
of cleanliness the aluminum foil resulted in a greater resistance than 
the porous paper, with the difference in resistance becoming quite 
small after three washings. 
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Desiccation of spores appears not to play a major role under these 
experimental conditions. Spores were desiccated by all possible 
means of heat and high vacuum and combinations thereof. Even 
at 10% RH little difference in resistance between desiccated and 
undesiccated spores were observed, although the time for sterilization 
for both was increased. 

Figure 3 shows a model comparing thermal chemical death time 
curves of a clean spore crop with a dirty spore crop. If the spore 
crop is clean, the region of partial survivors is narrow. If the spore 
crop is unwashed, then the region of partial survivors is broad. 
Carriers inoculated with an unwashed spore suspension are randomly 
protected by crystals, organic material, or both. 

Ernst and Shull 5 demonstrated a definite advantage of prehumidifi- 
cation over simultaneous or post-humidification with respect to 
diffusion barriers. Eltronics relative humidity (RH) probes were 
sealed in polyethylene bags and RH measurements were recorded. 
The result is shown in Figure 4. Prehumidification takes place in 
the sterilizer for a selected period of time after an evacuation to 
approximately 26 in. Hg negative pressure. Steam is pulsed into the 
chamber until a preset RH controller in the chamber is satisfied. 
This level of RH is maintained until the hot sterilizing gas is admitted 
to the chamber. This figure shows how the humidity rises and levels 


CLEAN SPORE CROP DIRTY SPORE CROP 



Fig. 3. Model of thermochemical death time curves for Bacillus subtilis var. niger 

spores. 
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Fig. 4. Moisture penetration characteristics with prehumidification. 

off in the chamber space. Then as the hot gas is admitted to the 
chamber the RH inside the bag rises sharply. 

The principle of prehumidification under vacuum is to provide a 
deep penetration of moisture into moisture-hungry materials. Thus, 
the moisture is strategically located to enhance the dynamics of 
diffusion. Since it probably forms thin films on barriers with a diffuse 
molecular dispersion outward therefrom, it is least likely to be inter- 
fered with by the penetrating sterilizing gas, but will be carried with 
the gas and before it into the contaminated sites. 

Paradoxically, there are conflicting opinions as to actual optimum 
RH requirements in the ethylene oxide process. Kaye and Phillips 9 
data show an optimal RH in the vicinity of 33%; whereas Ernst and 
Shull, 6 Perkins and Lloyd, 10 and Mayr 11 presented data to show that 
sterilizing efficiency increased with increased RH. A conflict does 
not actually exist. The methods or test procedures were entirely 
different and represented diverse conditions. Phillips’ optimal low- 
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level RH requirement was based on work where microorganisms and 
their carrier materials were allowed to equilibrate with respect to 
their RH environment. In this case the optimal was determined at 
33% RH at 25°C. Efficiency dropped off sharply below 20% RH 
and dropped more gradually as RH was increased beyond 40%. 
On the other hand, Ernst and Shull, Perkins and Lloyd, and Mayr 
presented data under conditions which were below equilibrium with 
respect to moisture content versus RH environment. 

A model system was proposed by Ernst and Doyle 6 which w'ould 
logically explain why an optimal RH is indicated under experimental 
conditions, whereas a high RH is generally required in practice. It is 
hypothesized that w^ater molecules carry ethylene oxide to reactive 
sites. In practice either w r ater or EO increases the permeation of 
the other through plastic films depending upon their polar or non- 
polar character. 

The fact that ethylene oxide acts as a “carrier” for moisture 
through nonpolar, and normally hydrophobic films having low T 
moisture permeations w r as frequently observed in the Castle Process 
Laboratory. When a sealed polyethylene bag w’as placed into a 
sterilizer conditioned to 130°F. in a high relative humidity, little if 
any moisture diffused through the polyethylene film. How r ever, on 
addition of EO to this system, globules of w r ater were found on the 
inside of the polyethylene bag indicating that EO acted as the carrier 
for the diffusion of moisture through the polyethylene film. Con- 
versely, w r ater aids the permeation of ethylene oxide through polar 
type films (e.g., nylon and cellophane) w r hich normally allow r w r ater to 
readily permeate but are slow r to diffuse EO. 

The model system is portrayed in Figures 5 and 6. Spores are 
characterized w’ith respect to their immediate environment and 
relative moisture content as compared with the gross environment 
surrounding them with respect to available moisture. The arrows 
represent the dynamic exchange of moisture. In Figure 5 the 
“contaminated sites” are represented as having equal amounts of 
moisture, but are not in equilibrium with their gross environment. 
On the left is represented a relatively low T environmental moisture w r ith 
respect to the site. The exchange of moisture is outward, away 
from the spore. In practice this condition is very limiting to the 
sterilization process. On the right is showm the opposite effect of a 
high environmental moisture. The dynamic exchange of w'ater is 
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RELATIVELY 

LOW 

ENVIRONMENTAL 

MOISTURE 


ENVIRONMENTAL 

EQUILIBRIUM 

MOISTURE 


RELATIVELY 

HIGH 

ENVIRONMENTAL 

MOISTURE 



Fig. 5. Model representing the dynamic exchange of water by bacterial spores 
unequilibrated and equilibrated with their environmental moisture. 

RELATIVELY INTERMEDIATE RELATIVELY 

DRY SPORE “OPTIMAL'’ RH WET SPORE 

LOW RH HIGH RH 



Fig. 6. Model representing the dynamic exchange of water by bacterial spores 
equilibrated to different levels of environmental moisture. 


primarily toward the site. This represents the most ideal situation 
in practice. In the center is represented the equilibrium (steady- 
state) condition which is intermediate in effectiveness. Figure 6 is 
the second part of the model showing in all three cases situations 
where the spore and its immediate environment (the site) is in 
equilibration with its surroundings with regard to moisture exchange. 
Represented on the left is a relatively dry site in low environmental 
moisture under steady-state conditions. There is little exchange of 
moisture in and out of the spore. In practice we know this situation 
is very limiting for sterilization. On the right, the opposite situa- 
tion shows a relatively wet site in an environment of high available 

BIOTECHNOLOGY AND BIOENGINEERING, VOL. X, ISSUE I 


no 



STERILIZATION WITH ETHYLENE OXIDE 


11 


moisture and equilibrated therewith, representing a high rate of 
interchange of moisture between the site and its surroundings. It 
was suggested by Phillips 8 that a zone of high moisture would have a 
diluting effect on EO reducing its availability to the cell, especially 
when the EO environment is minimal. The model represented by 
the central figure would agree with the optimal RH designated by 
Phillips. 

Experience has shown that, although Phillips’ basic parameter is 
correct, for all practical purposes it is more realtistic to base sterili- 
zation processes on the first consideration for two primary reasons: 

( 1 ) Usually sterilization processes are carried out at higher than 
ordinary room temperatures. This produces a condition which, as 
described above, presents materials to be sterilized which aje moisture 
deficient with respect to an established RH environment. (2) Usu- 
ally materials to be sterilized, except for exposed surfaces, have 
wrapping, matrices, and the like which present diffusion barriers. 
And even though the optimal 33% RH is desirable at the site of 
bacterial surfaces, a much higher than optimal level must exist to 
achieve this goal. Fick’s diffusion law applies here where, all other 
factors being constant, the rate of diffusion across a barrier is directly 
proportional to the concentration gradient across the barrier (the 
gradient in this case being moisture in the sterilizer versus moisture 
at the bacterial site). 

m = A A(C 2 — C x )t/h 

where rrt = mass of substance diffused; A = coefficient of diffusion; 
A = cross-sectional area; (C 2 ~ C x ) = concentration gradient across 
a thickness, h; t = time. 

The diffusion law is a theoretical consideration. In practical 
situations there are molecular interactions which seriously interfere 
with diffusion through membranes and into materials. For example, 
if heat-sealed bags of plastic film which contain air are subjected to 
an environment which is evacuated, they will expand and an internal 
pressure can be exerted by the air attempting to diffuse out. Steriliz- 
ing under negative pressure (which is done with pure EO) presents a 
severe limitation for diffusion of moisture and EO through such bags. 

Organic matter itself will not ordinarily defeat the sterilization 
process as was shown in Tables I and II, unless in-solid or in-cr>stal 
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Drotection (occlusion) is severe enough to completely stop diffusion 
jf moisture and KG (Rovce and Howler 12 ). 

Figure 7 shows the occlusion of spores of Bacillus subtilis in crystals 
)f calcium carbonate. The crystals are approximately 10 fj. on a side 
ind up to 100 spores are occluded per crystal. Paper spore strips 
,vere prepared each containing 10 s of the occluded spores. Figure 8 
shows the result of EO exposure under zero-order conditions. The 
ree spores are readily killed, but. the protected spores are not harmed 
even after 2 weeks exposure. Microbial contamination occluded in 
crystals cannot be sterilized by KO unless the crystal structure can 
4 oe broken down by rehydration or by dissolving. The same calcium 
carbonate-occluded spores were resistant to thermal destruction in 
steam at 2">0°F. for over 2 l /» hr., although these unoccluded spores 
would normally be killed in a fraction of a minute under the same 
conditions. 



(«) 


Fig. 7. Phase contrast photomicrographs of crystals and various stages of dis- 
solution: (a) crystals prior to addition of O.hV HC1. The unoccluded spores in 
the field are out of phase in order to get a sharp view of the crystals; ( h ) crystals 
in the process of dissolving, approximately 1 min. after addition of 0.1 A' HG1; 
(c) clumped spores that are left after the crystals are dissolved, approximately 
5 min. after addition of 0.1 A T HC1. 
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Temperature Variations 


To measure variations of temperature three iron— constantan 
thermocouples were positioned in an electrically heated rectangular 
sterilizer. These were placed l / 2 in. from the metal floor and ceiling 
of the sterilizer: ( 1 ) at the front, center, bottom, near the door; 
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EXPOSURE TIME. SECONDS 

Fig. 8. Effect of occlusion of Bacillus subtilis var. niger spores on resistance to 
ethylene oxide (1200 mg./l. at 40% RH, 130°F.): (A) survivor curve based on the 
starting number and sterilization time of 8 X 10* spores dried on chromatography 
grade paper; (B) spores occluded in crystals of calcium carbonate, suspension 
dried on chromatography grade paper. 

( 2 ) at the rear, bottom, near the back header; ( 3 ) at the rear, upper 
region, near the back header. The temperature was measured and 
recorded on a commercial potentiometric temperature recorder. 
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Figures 9-12 represent the temperature changes reflected by expan- 
sion, compression, environmental positional effects, and the influx of 
three cold sterilant mixtures in their liquid state to the heated 
chamber. 

I igure 9 shows the temperature changes occurring upon the intro- 
duction of cold sterilant to the warm empty vessel. In this case 
20% EO diluted in C0 2 vaporizes and absorbs heat from the sterilizer 
jacket. Thus, there is an initial rise in temperature at all points. 
Then a separation occurs where the top rear environment shows a 
decided elevation to a maximum peak, whereas the two bottom posi- 
tions show a depression. The bottom rear temperature is severely 
depressed by about 6o°F. In 4 min. the sterilizer has attained maxi- 
mum pressure and no more sterilant is being admitted. As liquid-to- 
gas expansion occurred during initial influx of the sterilant, the effect 
of cooling the immediate piping and wall at the admission port 
allowed the ethylene oxide to separate out as a liquid leaving the cold 
C0 2 to compress the residual warm air upward. The warming up 
period which follows is due to heating of the revaporized EO. Tem- 
perature equilibrium is not attained for nearly 60 min. The normal 
gradient characteristic of the sterilizer is shown in the latter portion 
of the curve. 



Fig. 9. Temperature changes upon introduction of unheated sterilant to a heated 

rectangular sterilizer. 
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Fig. 10. Temperature changes upon introduction of unheated sterilant to a heated 

rectangular sterilizer. 



Fig. 11. Temperature changes upon introduction of unheated sterilant to a heated 

rectangular sterilizer. 
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Fig. 12. Temperatures changes in different phases of sterilizing cycles in heated 

rectangular sterilizer. 

In Figure 10 the temperature depression is much more severe for 
this EO mixture, which is 12% by weight or 27.3% by volume in 
fluorocarbon-12 (F-12). The temperature is depressed in this case 
90°F. 

Figure 11 of EO (12% by wt or 28% by vol.) in equal amounts of 
fluorocarbon-11 and fluorocarbon- 12 (F-ll andF-12) sterilant shows a 
temperature depression less than that reflected by the (F-12) mixture 
alone, but it is 65°F., similar to the C0 2 mixture. One principal 
difference is the much greater depression of the lower front tempera- 
ture near the door, which was not nearly so great in the former cases. 

Since (F-ll) is a relatively high-boiling liquid, it tends to remain 
as a liquid and flow as such toward the front of the sterilizer, as it is 
influenced by the inflowing gas. The F-ll will tend to carry with it 
F-12 and EO dissolved in it. The revaporization is much slower 
compared to the other mixtures. This is reflected in the greater 
temperature difference and the much longer time for recovery. 

Figure 12 shows temperature changes in different phases of steriliz- 
ing cycles in the electrically heated rectangular sterilizer. The section 
at the left shows warm-up at the three thermocouple positions. 
Characteristically, the coolest position is the bottom near the door 
which levels off about 15°F. cooler than the warmest position. Since 
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this sterilizer is heated with four strip heaters lengthwise along the 
center of sides, top, and bottom, the bottom tends to heat to a greater 
degree than the top Since heat dissipates more rapidly upward the 
bottom section tends to absorb more heat than the top which tends 
to lose heat to the atmosphere In a steam-jacketed vessel there 
would be a much more pronounced temperature gradient because 
the steam will preferentially rise in the jacket heating the upper 
regions much more than the low r er The middle section show's the 
effect of evacuating the preheated chamber with subsequent addition 
of room temperature air. Note the depression due to evacuation and 
the compression peaks wilich follow' the admission of air, and the 
rapid loss of heat W'hich is absorbed by the metal w'alls. The section 
on the right show's evacuation and subsequent admission of the hot 
sterilizing gas mixture (EO in C0 2 ) . N ote the absence of temperature 
depression here w r hich was present in previous figures when unheated 
sterilant w r as added. Compression peaks are not as intense as the 
air peaks in the other sections. This is probably due to a difference 
in the speed of gas admission. 

Gas Concentration Changes, Stratification, and Gas Densities 

Gas sampling points W'ere incorporated within 1 in. of both the top 
and bottom near the back header of the same sterilizer. Prior to the 
admission of sterilant the vessel w'as evacuated to 27 in. Hg negative 
pressure. 

The samples were analyzed by gas chromatography utilizing a 
Perkin Elmer # 154 Vapor Fractometer. The C0 2 ~E0 mixture was 
separated on a Teflon base y 4 in. X 2 m. column containing Carbowax 
1500. F-ll and F-12 mixtures were separated on a di-2-ethyl hexyl 
sebacate on chromosorb column having the same dimensions. 

Figures 13-15 portray the gas concentration changes in per cent 
on the ordinate at various time intervals after admission of the un- 
heated sterilant to the heated rectangular sterilizer Figure 13 
shows the variations in per cent of components including air. The 
sterilant is 20% EO in C0 2 . The EO concentration rose initially in 
the bottom samples w'hereas the C0 2 fell. Air w'as also initially low 
in the bottom sample, but initially fairly high at the top. The 
stratification here w'as not very severe and equilibration occurred 
within a relatively short period of time although temperature equi- 
librium required nearly 60 min. to attain. The test system was 
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pressurized to only slightly above atmospheric pressure. Under 
these conditions 12-13% residual air is expected theoretically. This 
amount of air is very critical when it is stratified to a great degree as 
can be seen in Figure 14. Assuming the same degree of starting 
vacuum, the addition of sterilizing gas mixtures to higher total 
pressures will reduce the volume of residual air. However, the 
attempt to sterilize at sub-atmospheric pressures is extremely hazard- 
ous with respect to the amount of residual air volume. For example, 
having evacuated to 26 in. Hg, sterilizing with pure EO at 1000 
mg./l. will leave approximately 23% by volume residual air. It has 
been found in practice that it is very difficult to mix gases dissimilar 
in weight and molecular energy (temperature). 

Figure 14 shows the concentration changes in per cent of com- 
ponents by the unheated admission of liquid sterilant (EO — 12 c \ by 
weight, 27.3% by volume in F-12). Here is shown how extreme 
stratification can be. Initially all of the air was seen in the top 
samples at 40% by volume, and none was observed in the bottom 
samples. Late sampling of the bottom region does not adequately 
reflect the extreme effect of a high per cent and flammable range of 
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Fig. 13. Gas concentration changes after admission of cold sterilant to heated 

rectangular sterilizer. 
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Fig. 14. Gas concentration changes after admission of cold sterilant to heated 

rectangular sterilizer. 



Fig. 15. Gas concentration changes after admission of cold sterilant to heated 

rectangular sterilizer. 
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ethylene oxide. This flammable range extends for nearly 30 min. 
to the equilibration point. 

I igure 15 shows how concentration changes with the third steriliz- 
ing mixture (EO 12% by wt., 28% by vol. in equal amounts of F-ll 
and F-12). It was mentioned previously that high-boiling F-ll will 
remain liquid after sufficient cooling of pipe and walls occur by the 
vaporizing liquid. This component (F-ll) will carry dissolved in it 
large amounts of EO and F-12. Thus, the cooling effect is extended 
for a longer time and covers a larger area, as was observed. A greater 
gas density gradient occurs, therefore, and stratification is much 
more severe. True equilibration does not occur until almost 1 hr. 
after admission of the sterilizing mixture. This mixture does not 
appear to initially pass through the flammable range since the EO 
tends to remain blanketed by the two inerting agents. 

Figure 16 is a photograph of a plastic surgical isolator initially 
developed by Walter Reed Army Hospital, constructed by Curtiss- 
Wright Corporation, and is now being used in actual surgical pro- 
cedures at Albert Einstein School of Medicine. Castle Laboratory 
developed the sterilization procedure for this unit. The isolator is 


Fig, 16 . Surgical isolator expanded with air. 
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hanging from a rack as it normally would after removal from its 
container expanded with filtered air. 

Figure 17 is another photograph of the isolator. The isolator is 
not filled with water. It is the EO-F-12 mixture. A comparison of 
Figures 16 and 17 demonstrates the extreme differences in vapor 
density that would be expected comparing EO-F-12 mixture with an 
approximate vapor density of 4 with air. Thus, stratification is a 



Fig 17. Surgical isolator expanded with sterilant-ethylene oxide-fluorocarbon 

mixture. 
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serious hazard to be considered. Despite extreme vapor density 
differences gases will eventually diffuse into each other in a closed 
sterilizer. However, stratification is minimized when prevaporized 
preheated sterilizing mixtures are added to the chamber. Further- 
more, stratification is not the only effect to be noted by the manner 
in which sterilants are added to chambers. Moisture and EO may 
not only be reduced in concentration, but nearly depleted if the 
sterilant is added as a cold liquid expanding to the gaseous state. 

Coincident with the extreme temperature depression and slow 
recovery to equilibrium conditions by the unvaporized liquids, as 
the liquids are impelled into a warm sterilizer and they refrigerate 
its interior, moisture is condensed and frozen out on the cold surfaces 
produced. 

Figure 18 shows a research program sterilizer. Various conditions 
of temperature, pressure, and gaseous atmospheres can be programmed 
and what is going on can be observed by the flow chart, recorders, 
and observation windows. In Figure 19 the cold influx of sterilizing 
mixture (in this case EO-F-12) is seen inside the sterilizer chamber. 
The vapor cloud is the result of the condensing water vapor initially 
present in the sterilizer being entrained by the inflowing sterilant 
gases. In the photograph taken at a later interval (Fig. 20), the 



Fig. 18. Research program sterilizer (courtesy of Castle Company). 
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vapor cloud can no longer be seen, but some of the liquid components 
are decidedly running off at the point of entry. In 1 igure 21 a 
greater liquid run-off and pronounced icing is .seen on the diffusion 
disk. 

Expansion Tank Systems 

Another pitfall is exemplified by the expansion tank system. 
These systems were originally designed for EO-CCL mixtures. 



Fig. 19. ftterilant expanding gas influx to sterilized chamber. 
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Fig. 20. Sterilant liquid running from entry diffusion plate. 


Cylinders of this mixture are normally at pressures of about 800 psig. 
When the liquid contents of such cylinders are depleted, a residual 
fraction of almost pure C0 2 compressed gas remains weighing as 
much as 8 lb. and representing about 13% of the original contents. 
Furthermore, as the contents are used, there is a region of liquid 
emission which may pass through a flammable range. In order to 
obtain a more economical usage and to keep the concentration of 
EO constant, these cylinders were depleted into an expansion tank 
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Fig. 21. Icing of diffusion plate due to cooling by sterilant expanding into 

chamber space 

which is shown in Figure 22 In the bottom section there are coils 
heated with steam. As the liquid is introduced into the expansion 
tank it is revaporized and kept in a gaseous state. One bad feature 
here is the tendency to create ideal conditions for rapid polymeriza- 
tion. As the sterilizer is fed gas from the expansion tank its internal 
pressure drops to a point where it demands more gas by means of a 
pressure-sensitive switch. Liquid sterilant enters the expansion tank 
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from the cylinder attached to the gas-metering station to produce a 
situation similar to that observed when cold gas was introduced into a 
sterilizing chamber. The EO gas already in the tank condenses as the 
liquid introduced into the chamber expands, producing a cold region 
near the point of admission which was observed as a frosted area on 
the outside of the tank near the lower section. This indicated that 
pure liquid EO was flowing down the inside of the chamber, which 
collected at the bottom where it eventually revaporized. This 
characteristic is analogous to what was observed in the sterilizer 
with respect to the depletion of water vapor. 

In a specific practical situation where an expansion tank supplied 
both a small and a large sterilizer the difference in volumes was a 
factor of 8. Gas chromatography samples taken at intervals under 
varying circumstances revealed a very disturbing situation. The 
expansion tank was unable to supply all the gas required by the large 
sterilizer. A drop in expansion tank pressure initiated the transfer 
of liquid sterilant from the supply cylinders to the expansion tank. 
Condensation of the EO took place as described in the previous 
paragraph. The tendency then under this dynamic condition would 
be to draw C0 2 from the tank preferentially. 
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In this specific case it was found that the final EO concentration in 
the large sterilizer went as low as 3% by volume. On the other hand, 
as the expansion tank was allowed to acquire heat, the liquid EO 
revaporized in a CO^deficient atmosphere. If on a subsequent 
sterilization the small sterilizer was used, there was not sufficient 
volume in the small sterilizer to produce the foregoing result in the 
expansion tank. Samplings from this sterilizer showed concentra- 
tions of EO in excess of 43%. Thus, the very thing that was thought 
to be avoided was enhanced. 

Hazardous flammable concentrations were built up, polymerization 
was maximized, and the operators were deluded. They did in fact 
use the small sterilizer to determine sterilizing conditions, and extrap- 
olated these results for sterilization of large commercial loads going 
of course unknowingly from experimental concentrations of 43% or 
higher to applied 3% concentrations of EO. 

Figure 23 shows a heat exchanger which if used knowledgeably will 
minimize the hazards discussed. It is a concentric tube within a 
tube helix. Steam enters at the top and flows through the outside 
tube down to a trap. EO enters at the bottom through the inner 
tube and out at the top to the sterilizer. Polymerization is mini- 
mized due to reduced retention time Providing vaporization and 
heat to the gas prior to admission to the sterilizer maximizes mixing, 



Fig. 2,3 Heat exchanger assembly. 
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heat transfer, and minimizes stratification. Stratification, tempera- 
ture distribution, and diffusion problems become more severe as 
sterilizers increase in size. 

Polymerization Effects 

Polymerization can be a severe limitation of EO. According to 
Baize 13 it is initiated by steel, stainless steel, glass, lead, and zinc. 
There are many other polymerization catalysts such as anhydrous 
chloride of tin, iron, and aluminum, carbonate, acids and alkali. 
Polymerization rates increase under increased temperature, pressure, 
and in the presence of water vapor. Gas transmission lines can 
become clogged and valves may cease functioning by its accumula- 
tion, and it can cause severe damage to unprotected materials. The 
exercise of intelligent caution and care will alleviate this hazard. 
EO polymerization is noted in many forms: (i) as a white powder 
(Fig. 24) where water has a tendency to accumulate by condensation, 
such as near the relatively cool door, (#) as a straw colored oily 
liquid which appears in the piping associated with steam under heat 
and pressure. The oily liquid eventually continues to polymerize 
to form the “chewing” gum solid shown in Figure 25. The 



Fig. 24. White polymer formed from ethylene oxide in presence of condensate 
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Fig. 25. Craters of polymer formed on sterilizer and shield. 


polymer is usually water soluble. Good maintenance will keep 
accumulations to a minimum. Plastic covers on sterilizable items 
will adequately protect them from damaging polymers. 

Conclusion 

Basic parameters for ethylene oxide gaseous sterilization have been 
defined for the inactivation of bacterial spores. The overall reaction 
kinetics are first order; but with respect to concentration dependence, 
the reaction reverts to zero for higher treatment temperatures. For 
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each treatment EO concentration there is a temperature conversion 
point above which increasing the concentration does not reduce the 
inactivation time. 

Diffusion of moisture into the immediate environment of the con- 
taminating microbe was implicated as the primary limiting factor of 
the gaseous sterilization process with ethylene oxide. A model 
system was proposed which would logically explain why an optimal 
relative humidity (RH) is indicated under certain conditions, whereas 
a high RH is generally required in practice. It is hypothesized that 
water molecules carry ethylene oxide to reactive sites. In practice 
either water or EO served to increase the permeation of the other 
through plastic films depending upon their polar or nonpolar character. 

There are situations which can limit or enhance the dynamics of 
sterilization. Such factors, if overlooked, could upset experiments 
and lead to erroneous conclusions, or defeat the sterilization process 
entirely. Such are, namely: stratification effects, diffusion barriers, 
moisture-reducing effects, polymerization, and temperature distribu- 
tion gradients. 
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Although ethylene oxide is a reliable sterilizer, the process may be limited by 
diffusion Thus, situations may exist where microorganisms are protected from the 
sterilizing gas. It is possible that the exterior of a substance may be sterilized, 
whereas the interior is not. We investigated three general types of materials m which 
this limitation of diffusion could occur: the bore of glass and plastic tubing, the 
center of cotton balls, and plastic adhesive film/paper backing interface These 
materials were contaminated as close to their geometric center as possible with 
Bacillus subtilis var. niger spores occluded in crystals of sodium chloride After 
exposure of the contaminated materials (except aluminum foil) to ethylene oxide, 
thioglycolate broth (a standard sterility-test medium) indicated sterility, whereas 
Trypticase Soy Broth indicated nonsterility. It is likewise possible that aerobic 
microorganisms, surviving in or on material after exposure to dry heat or steam 
sterilization processes, would not be recovered by thioglycollate broth. Entrapped 
aerobic organisms will probably not grow out in the low oxygen tension zone of an 
anaerobic medium such as thioglycollate broth It is recommended than an aerobic 
medium such as Trypticase Soy Broth be used concurrently with thioglycolate broth 
for sterility testing 


A significant contribution to microbiological 
control was made by Brewer (3) when he de- 
veloped a liquid medium capable of supporting 
both aerobic and anaerobic growth. Many modi- 
fications have been made since then (10, 11). 
The final result was the thioglycolate broth now 
recommended as a standard sterility test medium 
by the United States Pharmacopeia, the National 
Formulary, the National Institutes of Health, 
and the Food and Drug Administration. 

Ethylene oxide is a reliable sterilizing agent, 
but its action is extremely complex (6). The 
principal concomitant factors are moisture 
availability and diffusion, that is, the diffusion 
of ethylene oxide, moisture, and heat into the 
contaminated sites. 

In addition, in situations where microorganisms 
are protected from the sterilizing process, such 
as occlusion in crystals (1, 4) or contact with 
protective agents (7), either may react with the 
moisture or the ethylene oxide, thus preventing 
inactivation. 

Presented at the 68th Annual Meeting of the 
American Society for Microbiology, Detroit, Mich., 
5-10 May 1968. 


This study was performed to determine whether 
viable aerobic microorganisms present m ma- 
terials after exposure to ethylene oxide will 
grow out in thioglycolate broth 

Materials and Methods 

Organism Bacillus subtilis var. niger 356 S.C. no. 4 
N.R Smith strain was used (12). 

Culture methods. The cultunng methods have been 
described previously (4). 

Preparation of test materials . The following mate- 
rials were investigated- aluminum foil (3.81 by 0.63 
cm), aluminum foil (3.81 by 0.63 cm) rolled up in the 
center of cotton balls (Johnson & Johnson, New 
Brunswick, N.J.), Teflon tubing (0,083-cm outside 
diameter by 1 1 4 cm, Cadillac Plastic & Chemical Co., 
Detroit, Mich.), glass melting-point capillary tubing 
(0.8 to 1.2 mm, inside diameter, by 100 mm) Kimble 
no. 34502 (Will Scientific Inc , Rochester, N.Y.), and 
plastic surgical adhesive film (1.27 by 1.27 cm, Vi- 
Drape; Parke, Davis & Co., Detroit, Mich ). 

Initially, the test materials were inoculated with 
B. subtilis var. niger spores in isotonic saline. Later, a 
similar suspension containing 1 % hydroxyethylcellu- 
Iose to bind the inoculum and salt crystals to the test 
materials was used. 

The test materials were inoculated with 10 5 spores 
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per test material with one drop from a syringe and a 
25-gauge needle (a reproducible 0.01 -ml inoculum) 

Glass and Teflon tubing were inoculated in the fol- 
lowing manner. The droplet inoculum was placed on 
polyethylene film, then the tubing was placed over 
the drop so that the inoculum was drawn into the 
tubing by capillary action and into the center of the 
tubing by suction 

The plastic surgical adhesive film was inoculated as 
follows. The paper backing was removed, and the 
inoculum was placed on the adhesive side of the film. 
The paper backing was replaced after the inoculum 
dried This provided protected organisms at the plastic 
film/paper backing interface. 

All materials were dried at 55 C until visibly dry 
Salt crystals always formed upon drying 

Ethylene oxide procedures Procedures similar to 
those described by Ernst and Shull (8) were used 
Ethylene oxide conditions were determined that would 
sterilize all portions of the materials except the pro- 
tected area in the geometrical center. The spore count 
was repeatedly reduced from 10 5 to 10 3 per test piece, 
as ascertained by standard plate count procedures 
after 1 hr of exposure to 1,200 mg of ethylene oxide 
per liter at 40% relative humidity and 54 C High 
resistance of spores inoculated from isotonic saline on 
aluminum foil was also obtained by Beeby and White- 
house (2). Similar material contaminated with 10 s 
B . subtihs var. mger spores m distilled water was in- 
activated under these conditions in 10 mm, therefore, 
1-hr exposure times were used throughout this study. 
In this way, nonstenle materials (10 s spores per test 
piece) were obtained in approximately their geometric 
center. 

Recovery methods. After exposure to the ethylene 
oxide process, half of the exposed samples were trans- 
ferred to Thioglycollate Medium (BBL) and half to 
Trypticase Soy Broth (BBL) and incubated at 32 C for 
14 days At least 200 pieces of each test material were 
treated m this manner. 

Results 

The initial test pieces were inoculated with B. 
subtil is var. niger spores dried from isotonic 
saline. Although there was a distinct difference in 
recovery from Thioglycollate Medium and Tryp- 
ticase Soy Broth, there was a relatively high per- 
centage of recovery in Thioglycollate Medium 
with the aluminum foil in the center of the cotton 
balls and with the glass capillary tubing (Table 1). 
The data are reported as percentage of recovery, 
derived from the number of pieces producing 
growth divided by the number of pieces tested. 

Salt crystals containing occluded spores may 
have been dislodged from the inoculated surfaces 
during manipulation. Thus, protection from ethyl- 
ene oxide sterilization could have been occasion- 
ally produced near or close to the exterior of 
the material, and internal contamination was 
not truly represented. Therefore, a suspension 
containing hydroxyethylcellulose was used to 
bind the inoculum to the test pieces. 


Table 1 . Comparison of recovery oj viable 
organisms after exposure 
to ethy lene oxide ° 


Test material 6 ■ 

i 

i 

Percentage of recovery 

; Trypticase 
| soy broth 

Thioglyco- 
late broth 

Aluminum foil 

Aluminum foil in center of 

ioo | 

100 

cotton bails 

100 

27 

Teflon tubing 

100 

0 

Glass capillary tubing 

Plastic surgical adhesive 

100 

50 

film/paper backing 

100 

I 10 


° After 1 hr of exposure to 1 ,200 mg of ethylene 
oxide per liter at 40% relative humidity and 54 C. 

6 Each test piece was contaminated with 10 5 
B subtil is var. mger spores in isotonic saline (re- 
duced to 10 s spores per test piece after ethylene 
oxide exposure). 


Table 2. Comparison of recovery of viable 
organisms after exposure to ethylene oxide a 


Test material 6 

Percentage of recovery 

Trypticase 
soy broth 

Thioglyco- 
late broth 

Aluminum foil only 

100 

100 

Aluminum foil m center of 

1 


cotton balls 

100 

0 

Glass capillary tubing 

100 

0 

Plastic surgical adhesive 



film/paper backing 

100 

10 


a After 1 hr of exposure to 1,200 mg of ethylene 
oxide per liter at 40% relative humidity and 54 C. 

6 Each test piece was contaminated with 1G 5 
B. subtihs var mger spores in isotonic saline and 
1% hydroxyethylcellulose (reduced to 10 s spores 
per test piece after ethylene oxide exposure). 

Growth from these materials developed m the 
Trypticase Soy Broth but not in the Thioglycollate 
Medium (Table 2). 

Discussion 

In these experiments, thioglycolate broth did 
not support growth of B. subtilis var, mger spores 
when entrapped or held, so that the organisms 
could not be released into an environment in 
which they will grow, i,e., containing high 
oxygen tension. 

One of the principal functions of thioglycolate 
broth is to produce a low oxygen tension zone 
in which anaerobes will grow. However, strict 
aerobic organisms held in this zone probably 
will not grow. It is possible that aerobic organ- 
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isms that are least accessible to an ethylene oxide 
process will not grow when cultured in thiogly- 
colate broth Many disposable materials proc- 
essed with ethylene oxide are composed of ab- 
sorbent materials, such as cotton, plastic tubing 
materials, and plastic film, paper interface ma- 
terials. 

It is possible that materials exposed to dry 
heat or steam-sterilizing conditions may fail to 
show growth when cultured into thioglycolate 
broth For example, there are limitations of time, 
heat transfer, and in the case of steam, air pockets, 
superheat, etc,, that can exist in material result- 
ing m nonsterility in the center (5). 

Koesterer (9) reported that Trypticase glucose 
yeast extract broth (an aerobic medium) gave 
better recovery than thioglycolate broth from 
soil exposed to dry heat. Perhaps the surviving 
organisms were heat-fixed to the particles of 
soil and unable to grow in the low oxygen tension 
zone of thioglycolate broth. 

It is recommended that an aerobic medium, 
such as Trypticase Soy Broth, be used concur- 
rently with thioglycolate broth m sterility testing. 
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Editor’s Comments on Papers 7 through 10 

7 Sykes: The Sponcidal Properties of Chemical Disinfectants 

8 Portner and Hoffman: Sporicidal Effect of Peracetic Acid. Vapor 

9 Trujillo and David: Sporostatic and Sponcidal Properties of Aqueous Formaldehyde 

10 Stonehill, Krop, and Borick: Buffered Glutar aldehyde: A New Chemical Sterilizing Solution 


These four papers show the sporostatic and sporicidal properties of individual 
chemical agents generally accepted as chemical sterilizers. These articles were selected 
from a wide list of publications; it was felt that sufficient information and references 
could be gleaned from them to satisfy the needs of scientists seeking information 
in this area. As an example, the paper by Stonehill, Krop, and Borick was the first 
to be published that showed the biological and chemical properties of aqueous, alkaline 
glutaraldehyde; but at last count over forty papers presenting the scientific aspects 
of glutaraldehyde had been published. 
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1. Introduction 

Almost without exception any study of disinfection includes a statement to the 
effect that bacterial spores ‘are difficult to kill’ or ‘are much more resistant than are 
vegetative cells’, or that ‘disinfectants are ineffective or unreliable m their action 
against bacterial spores’. And often it is added that ‘the reason for the high resistance 
is unknown’. These statements are broadly true for many of the commoner disinfec- 
tants and antiseptics, but there are important exceptions and these are of practical 
significance in controlling the level of microbial contamination in situations where 
other methods, e.g. heat, cannot be used. These exceptions, being sporicidal agents, 
come within the definition of sterilizing agents, but with the exception of those used in 
the gaseous or vapour state (see below), they are used only very rarely for this purpose 
because of the obvious difficulty of removing them at the end of the treatment. 

In this contribution I shall consider the sporicidal properties of a number of the 
better known substances and preparations, together with some of the factors influenc- 
ing their activities, and finally discuss the nature of spore resistance. 

2. Experimental Methods 

(a) Organisms 

In the experiments to be described 4 aerobic sporeforming bacilli w y ere variously used. 
They were Bacillus stearothermophilus (the strain used for checking the efficacy of steam 
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sterilization), B . subtil is var. niger (the strain used for cheeking the efficacy of ethylene 
oxide sterilization), B. pumilus NCIB 8982 and B . subtilis (an unidentified laboratory 
strain) : no anaerobe w'as included. Each culture was grown on nutrient agar at the 
appropriate temperature and for a suitable time until nearly all of the cells had become 
phase bright spores. The growths were then harvested in J strength Ringer's solution, 
washed 3 times and finally suspended in 15% glycerol in water (to prevent germination) 
and stored at 4°: each suspension contained 10 3 * * * 7 -10 8 cells/ml. 

(b) Test methods 

Disinfection tests were made, generally at ambient temperature, by inoculating 0*1 ml 
of the spore suspension into 5 ml of the chosen disinfectant dilution in water and 
determining the number of surviving viable spores at appropriate intervals by either 
(a) filtering 1 ml of the mixture through a membrane, washing the membrane through 
with \ strength Ringer's solution (with an inactivating agent added w'here necessary) 
and then resuspending the washed cells and determining the viable count by the drop- 
plate method, or (b) by sampling 1 ml of the mixture, preparing from it decimal 
dilutions in \ strength Ringer’s solution (with an inactivating agent added w’hen neces- 
sary) and again determining the viable count by the drop-plate method. No attempt 
w'as made to assess the influence of added organic matter. 

Preliminary experiments show ed that heat activation at 70° for 10 min before treat- 
ment w r ith a disinfectant did not affect the resistances of the cells to the disinfectant 
and that heat activation after the treatment did not affect the ultimate recoveries of 
viable cells. In the main experiments, therefore, no heat activation w r as used. 

(c) Heat resistances of cultures 

As a matter of interest, but not as a major part of the investigations, the heat resis- 
tances of some of the spore preparations w r ere determined. To do this, the spores w ere 
washed free from glycerol, suspended in £ strength Ringer’s solution and distributed in 
2 ml amounts into all-glass ampoules. The ampoules w^ere immersed in a water bath at 
the selected temperature and after different time intervals one was withdrawn to 
determine the number of survivors. 

The most sensitive culture w f as the unnamed strain of B. subtilis which survived 80° 
for 4 h without any loss in viability but suffered a 10 7 reduction in count after 2 h at 
95° and w r as totally inactivated after a few min at 100°. In contrast, B. stearothermo - 
philus showed only a 30% reduction in count after 2 h at 95° and 50% reduction after 
2 h at 100°. 


3. Sporicidal Activities of Disinfectants 

Of the wide range of antibacterial agents more readily available only a few can be 

regarded as reliably sporicidal. They are the chlorine releasing compounds, iodine, 

formaldehyde, ethylene oxide, glutaraldehyde and acid alcohol. And to these may be 

added, although less frequently encountered, the strong mineral acids, /2-propiolactone, 

propylene oxide and other heterocyclic, 3-membered ring compounds, and acrolein. 
Most of these compounds are used in aqueous solution, but ethylene oxide, propylene 
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oxide and /?-propiolaetone are used entirely in the gaseous or vapour state and form- 
aldehyde in both. Each compound or formulation has its own conditions in terms of pH 
value, solvent, humidity, etc , for optimum activity, and each is affected to a greater 
or less extent by organic soiling materials. 

It is axiomatic that the concentration of a disinfectant is important in determining 
its activity, but there is no fixed value relating the concentrations of different com- 
pounds and formulations with their rate of kill. Each has its own dilution coefficient, 
or concentration exponent, and there is no theoretical basis from which to calculate 
this value: it can only be determined experimentally. 

Temperature can also have a profound effect on the lethal activity of a disinfectant 
and on its rate of kill. Some examples are given in a later section, but one of particular 
interest is the heat 4- bactericide process of the British Pharmacopoeia used for steriliz- 
ing certain solutions for injection. In this, the solution is heated for 1 h at 80° in the 
presence of a bactericide such as chlorocresol or phenylmercuric nitrate. Such com- 
pounds, at the concentrations employed, are only mildly bactericidal at room tem- 
perature but at the elevated temperatures can kill moderate numbers of resistant 
bacterial spores within the time specified. 


(a) The chlorine releasing compounds 

This group of compounds includes the inorganic hypochlorites, the organic chloramine 
compounds, the chlorinated isocyanuric acids (eg. ACL59) and dichlorodimethyl- 
hydantoin. The activities of all these are influenced considerably by pH value, although 
the isocyanuric acids are very much less affected in this respect than are the other 
compounds. According to Ortenzio & Stuart (1959), the chlorinated isocyanuric acids 
differ only slightly in their activities over the pH range 6-10, but the chloramines and 
diehlorodimethylhy dant oin can vary as much as 500-1000-fold over the same pH range. 
Somewhat lower figures were quoted for sodium hypochlorite by Tilley & Chapin (1930) 
who found that 2 p/m of available chlorine at pH 4 had the same activity against 
anthrax spores as had 100 parts at pH 10, and by Brazis et al. (1958) who found 1-9 p/m 
at pH 6*2 to be equivalent to 450 p/m at 10*5 in killing the spores of B. subtilis var. 


Table 1 

Sporicidal activities of chlorine releasing compounds against B. subtilis var. niger 


Available Clz 
(P/m) 

pH value 


Sporicidal activity of 


Hypochlorite 

Chloramme-T 

ACL 59 

100 

‘Natural’* 
Buffered 
(pH 7*0) 

10* kill in 1 h 

10 4 kill m 5 mm 

No kill m 2A h 

H) 1 kill in 24s h 

10 4 kill m 30 mm 

IQ 4 kill in 1 h 

1000 

‘Natural’* 
Buffered 
(pH 7 0) 

10 4 kill m 10 min 
10 s kill in 30 sec 

10 s kill in 24 h 

10 5 kill in 24h 

10 5 kill m 5 mm 

10 5 kill m 5 mm 


The original inoculum was c. 4 x 10 s spores/ml of solution. 

* ‘Natural’ pH values of the solutions: hypochlorite, 9-10; chloramme-T, c. 8; ACL 59, 6-6*5. 


138 


150 


G. Sykes 


niger and B. anthracis , the lethal time in both instances being 90 min. The apparent 
equiresistances of the two spore cultures is coincidental. 

Another factor determining the sporicidal activities of these compounds is the speed 
with which the chlorine is released. Because of this, solutions of the different com- 
pounds, even though having the same total available chlorine, can differ markedly in 
their speed of kill. Thus, in a typical experiment (Table 1) chioramine-T, even at 
1000 p/m of available chlorine was relatively inactive against the spores of B. subtilis 
var. niger whereas ACL 59 and sodium hypochlorite were rapidly lethal. ACL 59 was 
the more effective at its ‘natural’, unbuffered pH value of 6-6*5 (against hypochlorite 
with a value of 9-10), but significantly less rapidly active in solutions buffered to 
pH 7. 


(b) Iodine 

Iodine can be used in aqueous solution (w ith potassium iodide as the solubilizing agent), 
in alcoholic solution or as an iodophor. The last is not a compound of iodine, but a 
mixture of iodine with a surface active agent which acts as the carrier and as the 
solubilizer for the iodine; the iodine is released slowly from the mixture and is active 
whilst the solution remains coloured. In a manner similar to that of the chlorine releas- 
ing compounds, the activity of an iodine solution depends on the vehicle in which it is 
dissolved and, therefore, presumably on its availability, or accessibility, to the site of 
action within the spore. To illustrate this 1% solutions of iodine in water and in 
alcohol were compared for their sporicidal activity with a commercially available 
iodophor, Betadine, which also contains 1% of available iodine using two different 
spore suspensions (Fig. 1). The slopes of the curves obtained, especially with the more 



Fig. 1. Sporicidal activities of iodine solutions against B. subtilis and B. pumilus, . 

Open symbols, B. subtilis spores; closed symbols, B. pumilus spores; circles, 
alcoholic iodine, 1 % ; triangles, aqueous iodine, 1 % ; squares, Betadine, 1 % av. iodine. 
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sensitive B. subtilis spores, show clearly the much more rapid action of an aqueous 
solution over an alcoholic one and the even greater activity of the iodophor. Against 
the more resistent spores of B. pumilus , the latter difference was not maintained, but 
here the spores exhibited a much greater overall level of resistance than did those of the 
B, subtilis culture. 


(c) Gaseous sporicidal agents 

Brief reference must be made to the sporicidal activities of the gaseous sterilizing 
agents, in particular, formaldehyde, ethylene oxide and jS-propiolactone. 

(i) Formaldehyde 

Formaldehyde in its gaseous state has long been known as an effective bactericidal 
agent. Its activities were described in detail by Nordgren (1939) and many of the points 
were subsequently confirmed in an investigation by the Public Health Laboratory 
Service Committee on Formaldehyde Disinfection ( Report , 1958). In this Report 
attention was drawn to the finding that bacterial spores are only a little more resistant 
than are vegetative cells to formaldehyde vapour, and a factor of 2 or 3 was quoted 
from a limited number of experiments. This confirms the earlier findings of Phillips 
(1952) who stated that although bacterial spores are usually ‘hundreds or thousands of 
times more resistant to chemical disinfectant than are vegetative bacteria* the dif- 
ferences with formaldehyde and other alkylating agents are much smaller, and he gave 
ratios for formaldehyde of 2-15 and for ethylene oxide of 2-6. Relative humidity is 
important in determining the activity of formaldehyde: Nordgren (1939) quoted a 
minimum RH of c. 50% and the Formaldehyde Committee {Report, 1958) gave 
optimum values of 80-90%. 

(ii) Ethylene oxide 

Ethylene oxide is used extensively for sterilizing apparatus and equipment which 
cannot be sterilized by heat; it is also used for sterilizing certain drugs which are not 
affected adversely by the action of ethylene oxide. Again, the activity of ethylene 
oxide is influenced considerably by RH: below c. 30% RH the activity falls away 
considerably and the optimum value ranges between 30 and 90%, depending on the 
physical state of the organism being treated. The various methods of treatment have 
already been described in some detail (see Sykes, 1965). 

(iii) fi-Propiolactone 

This compound is said to be much more active than ethylene oxide as a bactericidal 
and sporicidal agent (Hoffman & Warshowski, 1958) but it is not used extensively 
because of its allegedly carcinogenic and other physiologically undesirable properties 
(Wiseley & Falk, 1960; Searle, 1961). Maximum activity occurs at RH c. 80% and at 
this level a concentration of 1*5 mg/1 of air will kill 99% of a spore population dried on 
cloth in a few minutes. 
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(d) Other compounds and preparations 

Although the commoner types of disinfectant and antiseptic can rightly be claimed to 
be effective against the nonsporing bacteria when used under the right conditions, with 
a few exceptions they are notoriously lacking in sporicidal activity. This lack of 
activity, even at relatively high concentrations, contrasts remarkably with the much 
lower concentrations effective in relatively short time, often measured in minutes, 
against the nonsporing bacteria (Table 2). 

Table 2 

Activities of various disinfectants against sporing and nonsporing bacteria 


« . . _ . Recommended normal 

Disinfectant (and cone, tested) Organism* Sporicidal activity use Elution 


Phenol (5%) 

White coal tar disinfectant (3 %) 

A chloroxylenol preparation (undiluted) 
Togo 103G (1 %) 

( 2 %) 

Benzalkonium chloride (1 %) 

Domiphen bromide (1 %) 

Chlorhexidine digluconate (2%) 

Amyl-m-cresol (10% m 70% alcohol) 
Glutaraldehyde (2 %) 

Hydrochloric acid (1 % m 70 % alcohol) 


fST 

\SN 


<50% kill in 15 days \ 
97 % kill m 15 days T 
60 % kill m 5 days \ 
93 % kill in 4 days J 
75 % kill in 6 days 
10 4 kill in 7 days \ 
10 2 kill in 24 h / 
No kill in 4 days 
70% kill m 24 h 
No kill m 5 days \ 
96 % kill m 6 days j 
80% kill m 4 days 
10 8 kill m 1 h 

10 6 kill m 5 h \ 

10 4 kill m 4 h / 


1 - 5 % 

i% 

Up to 5% 

1 % 

Up to 0-1% 

Up to 0-05% 

Up to 0-05% 

Up to 0-01% 

2%, only as a 
sponcide 

Only as a sporicide 


* ST, B. stearothermophilus ; SN, B. aubtilis var. niger; P, B. pumilua spores.. 


The white coal tar disinfectant quoted, a so called high coefficient fluid having a 
Rideal- Walker value of 20-22 and a Chick-Martin value of c. 4, is typical of this group 
of disinfectants. Similarly the chloroxylenol preparation is typical of this group of 
antiseptic preparations now on the market. The Tego range of products, recommended 
for use in dairying, brewing and in animal houses, are formulated with ampholytic 
surface active agents, usually high molecular weight amino acids, as their active 
agents. Benzalkonium chloride and domiphen bromide are typical of the quaternary 
ammonium group of compounds and chlorhexidine digluconate is a well known skin 
disinf ectant. Amyl-m-cresol, first described by Coulthard (1931), is used in a variety of 
antiseptic preparations. 

In contrast to the inefficacy of the compounds just mentioned, glutaraldehyde is 
outstanding. It is necessary to use it in an alkaline solution with the addition of 1 % of 
sodium carbonate in order to obtain maximum activity, and a commercial preparation 
of this type is available. It is used extensively in hospitals and in other situations, and 
its antibacterial properties have been described in detail by Rubbo, Gardner & Webb 
(1967) and reviewed by Borick (1968). 
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Perhaps insufficient attention has been given to the value of acid alcohol as a spori- 
cidal and sterilizing agent. This property of relatively low concentrations of the 
mineral acids, and to a less extent of Na and K hydroxides, in alcohol to kill the most 
resistant bacterial spores was first discovered by Coulthard & Sykes (1936). It is an 
interesting property because neither the acids at the concentrations employed nor the 
alcohol have any sporicidal activity, but the mixture is relatively rapid in its action. 
Hydrochloric acid alone, for example, must be used at a concentration of 2*5 n, i.e c. 
9% in water, to be effective within 1 h (Borick, 1968), whereas in 70% alcohol a 1% 
solution is lethal within 4 h. 

This high resistance to the individual components and the complementary sensi- 
tivity to the mixture gives some indication of the complexity of the structure of the 
bacterial spore as a whole. 


(e) Effect of temperature 

Temperature has a considerable influence on the rate of kill of micro-organisms, includ- 
ing bacterial spores, by all types of bactericidal agents. The change in rate of kill is not 
uniform for every compound, each having its own temperature coefficient. To illustrate 
this the spores of B. pumilus w r ere subjected to treatment by 4 different preparations : 
Betadine, Chloramine-T, Tego 103G and domiphen bromide. Treatments were at 
3 temperatures, 25, 37 and 50°, and the differences in type of response (Figs 2 and 3) 
are significant. With Tego and Betadine there was a marked increase in activity at 37° 
compared with that at 25° and an even greater increase at 50° (with Betadine it w r as 
almost dramatic), and there was no delay in the initiation of the killing process. In 
contrast, Chloramine-T and domiphen bromide showed no change in activity at 37° 
compared with 25°, the rate of kill at both temperatures being almost negligible. After 



Closed symbols, domiphen bromide treated spores; open symbols, Tego treated 
spores. Triangles, at 25°; circles, at 37°; squares, at 50°. 
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Period of treatment (h) 

Fig. 3. Effect of Betadme (1 % available I 2 ) and chloramme-T (2000 p/m av. Cl 2 ) on 
B. pumilus spores at 25°, 37° and 50°. Closed symbols, chloramme-T treated spores; 
open symbols, Betadme treated spores. Triangles, at 25° ; circles, at 37° ; squares, at 
50°. 

a few hours, however, the spores at 37° became more susceptible and a measurable rate 
of kill was established. When the temperature was raised to 50° there was still a delay 
in the initiation of the lethal action, but it was limited to c. 2 h, after which there was a 
substantial rate of kill such that after 6 J h the survivor level was only c. 10~ 4 of the 
original. 

The results with these 4 preparations (chosen fortuitously) indicate at least 2 path- 
ways of attack on the viability of a spore. With Betadine and Tego the attack -would 
appear to be direct and without a lag, thus indicating an immediate penetration to the 
sensitive areas of the cell. With Chloramine-T and domiphen the lag period before any 
sensible kill takes place suggests a prereaction or re-orientation within the cell coat 
before penetration takes place to the sensitive nuclei. 

4. Germination and Sensitivity 

There are numerous references in the literature (see Halvorson, Vary & Steinberg, 
1966) to the physiological and* other changes which take place in the spore at the 
point of germination. These changes include losses in the dipicolinie acid and calcium 
contents of the cell, loss of heat resistance, increased permeability to dyes and loss of 
retractility and optical density. To these can also be added a loss in resistance to 
chemical disinfectants. 

To illustrate : washed spores of B. pumilus were suspended in a Trypticase-soya broth 
to induce germination. At intervals up to 1 h samples were removed and immediately 
examined under the phase contrast microscope to assess the proportion of phase bright 
cells present. This determination was made by tw T o operators and the mean approxi- 
mate percentage was recorded. Simultaneously, the resistance of the suspension to 
70% alcohol and to 5% phenol solution was determined, the disinfecting period in 
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0 10 20 30 AO 50 60 


Period of germination (mm) 

Fig. 4. Phase appearance and resistance to 70 % alcohol and 5 % phenol of germinating 
B, pumilua spores. Squares, phenol treated cells; circles, alcohol treated cells, 
triangles, phase bright cells. 

each instance being 15 min. The results (Fig. 4) showed a very close relationship 
between the resistance of the culture and the percentage of phase bright cells present. 


5. The Nature of the Resistance of Spores 

Other papers in this symposium have described the complexity of the bacterial spore 
and the intracellular changes which take place during sporogenesis and during germi- 
nation. Even so, the nature of spore resistance and the mechanism of such resistance is 
still an enigma. It seems most probable, however, that; any germination or lethal 
process takes place within the endospore and not at the cortical surface, although the 
latter is not entirely ruled out. On this assumption, therefore, it is essential that any 

Dipicolimc 

acid Calcium 



Fig. 5. The permeability of the bacterial spore membrane to nutrients and disinfectants. 
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agent inducing germination or having a lethal effect must be able to penetrate this 
membrane. 

In view of the high resistance imparted to the cell, at least in part, by this membrane 
it is interesting to consider some of its physical properties. 

For the germination cycle, it must be able to allow the passage of water and of 
growth factors into the cell and of dipicolinic acid and calcium out of the cell. For 
disinfection, it allows the passage of substances such as chlorine, iodine, formaldehyde, 
glutaraldehyde and ethylene oxide, but not the ingress of the nonlethal agents such as 
the phenols, the quaternary ammonium compounds (even though they are highly 
surface active) or the ampholytie compounds. Moreover, this latter group of prepara- 
tions, although unable to kill the spore, can prevent its germination, because even after 
long contact with these compounds the spores are still able to grow when placed in a 
more favourable situation. If, of course, germination had been possible under these 
circumstances a suicidal situation would have obtained, in which the cells in the pre- 
sense of antibacterial agent would have lost their protective mechanism and thus have 
rendered themselves susceptible to the action of that agent. 
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Sporicidal Effect of Peracetic Acid Vapor 
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The sporicidal activity of peracetic acid (PA A) vapor at 20, 40, 60, and 80% 
relative humidity (RH) and 25 C was determined on Bacillus subtilis var. niger spores 
on paper and glass surfaces. Appreciable activity occurred withm 10 min of expo- 
sure to 1 mg of PAA per liter and 40% or higher RH. The sporicidal rate decreased 
from the optimum at 80% RH to a slight effect at 20% RH. Spores on an imper- 
meable surface were more difficult to kill than those on a porous one, probably 
because the cells tend to pile up on an impermeable surface and the vapor penetrates 
poorly through the layer of covering cells. 


Numerous studies (3-5, 7, 8, 10) have shown 
that peracetic acid (PAA) in aqueous solution 
is an effective germicide against a wide spectrum 
of microorganisms. On the other hand, informa- 
tion about the vapor-phase bactericidal activity 
of PAA is very limited and seems to be confined 
to a brief study by Greenspan et al. (4). 

The corrosiveness of PAA has limited its 
practical application as a disinfectant. However, 
because PAA itself is not adsorbed onto surfaces 
and its decomposition products (acetic acid, 
water, and oxygen) are nontoxic and free-rinsing, 
PAA has found wide application as a surface 
decontaminant for foods (5, 6, 9). Spraying 
dilute solutions of PAA until a fog forms has 
been an effective means of sterilizing equipment 
used in gnotobiotic studies (1,11). 

The accumulation of liquid PAA and moisture 
produced from spraying a dense fog may be un- 
desirable because of corrosion or other damaging 
effects. Therefore, it is possible that PAA vapor 
may be used instead of the fog. Because of the 
extreme reactiveness and considerable volatility 
of PAA, the study reported here was undertaken 
to determine the effectiveness of PAA vapor 
against bacterial spores, on porous and imperme- 
able surfaces, at various relative humidities 
(RH). 

Materials and Methods 

Preparation of test samples. An aqueous stock 
spore suspension of Bacillus subtilis var. niger was 
used to contaminate filter-paper discs [5/8 inch 
(1.58 cm) in diameter] and glass squares [0.5 by 0.5 
inch (1.27 by 1.27 cm)]. The contaminated samples 
were conditioned for 4 days in desiccators maintained 
at 25 C and at constant RH of 80, 60, and 40% 
by saturated salt solutions of ammonium sulfate, 
sodium bromide, and chromic acid, respectively. 
Samples were conditioned at 20% RH in the labora- 


tory during the winter months when the ambient 
RH was constantly low as indicated by a hygrothermo- 
graph. 

Exposure to PAA. The 86-kter test chamber shown 
in Fig. 1 was fabricated for vapor-phase decontamina- 
tion studies. Prior to spraying PAA, the RH within 
the test chamber was adjusted to the same RH used 
to precondition the samples, either by spraying water 
into the chamber to raise the RH or by blowing dry 
air in to lower it. No adjustment was needed for tests 
conducted at 20% RH because the RH in the test 
chamber and the laboratory was the same. The RH 
within the test chamber was monitored with a hu- 
midity-sensing element (El-tronics, Inc., Warren, 
Pa.). 

The commercial grade of PAA solution is composed 
of approximately 40% peracetic acid, 5% hydrogen 
peroxide, 39% acetic acid, 1% sulfuric acid, and 15% 
water, w/w. A direct spray UCTL atomizer (2) was 
used to spray 0 5 ml of the undiluted solution into 
the test chamber. To allow time for the vapor con- 
centration to stabilize, the test samples were not ex- 
posed to the vapor until 30 min after spraying. (Note 
the rapid initial drop in concentration in Fig. 2.) 
Furthermore, the fan m the test chamber was run 
throughout the test period to insure uniform distribu- 
tion of the PAA vapor. For each exposure period, 
16 contaminated samples (8 paper, mounted on pins; 
8 glass, laid on wire screen) were placed on an alumi- 
num tray then quickly inserted into the middle of 
the chamber (Fig. 1). AH samples were exposed to 
PAA vapor at 25 ± 2 C and the same RH that was 
used for conditioning them. Individual exposure 
periods ranged from 75 sec to 80 min. 

PAA concentration. The concentration of PAA in 
the chamber was determined at periodic intervals 
during each exposure period by drawing 500 ml of 
the chamber air through 20 ml of 20% buffered po- 
tassium iodide. The optical density was measured 
at 500 nm with a spectrophotometer, and the con- 
centration was read from a standard curve prepared 
by plotting optical densities against known weights 
of PAA. This method is specific for PAA. 
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Fig. 1. Test chamber used for vapor-phase decontamination studies. 


Method of asssy. After exposure to PAA vapor, 
the samples were transferred to sterile, stoppered 
plastic tubes containing 10 ml of 0.01% sodium thio- 
sulfate solution, to neutralize excess PAA, with about 
0.5 g of sand, to aid in removal of spores; the samples 
were then shaken vigorously. To insure that an esti- 
mate of the number of organisms could be obtained 
for each exposure period regardless of population size, 
duplicate 2.5- and 1-ml portions from each tube were 
plated directly and the remainder was used for serial 
dilutions. Pour plates were prepared with Trypticase 
soy agar and were counted after 72 hr of incubation 
at 32 C. At each exposure period, conditioned sam- 
ples not exposed to PAA vapor were also assayed 
in the manner described above. The solution of sodium 
thiosulfate used in these tests had no observable effect 
upon the viability of the spores. 

The precision of counting a small population is 
increased by plating a large portion of the sample. 
One can also be confident that sterility is being at- 
tained when no colonies appear on any of the plates 
prepared from over 70% of the suspending fluid of 
the sample. 

Results and Discussion 

The results are summarized in Table 1 . Because 
an exceptionally high value occasionally appeared 


among the individual sample counts for given 
conditions, which were otherwise of the same 
order of magnitude, the data are expressed by 
geometric rather than arithmetic means to repre- 
sent more truly the relationships among the 
samples. For many of the test samples assayed 
per exposure period, no organisms were re- 
covered from the part (70%) of the sample 
that was plated. The frequency of this occurrence 
is also given in Table 1 as another indication of 
vapor activity. 

Most of the spore population was killed with 
PAA vapor within a few minutes at 40% or 
higher RH. At 20%, only a slight reduction 
occurred on paper and none occurred on glass 
after 80 min of exposure. 

The apparently faster sporicidal action on 
paper than on glass is probably the result of 
distribution. The spores in a drop of water spread 
over a large surface area when placed on a 
porous material; thus, they are not as likely to 
pile up on one another as the liquid evaporates. 
When a similar drop of suspension begins to dry 
on an impermeable surface, however, there is a 
tendency for the organisms to collect and pile up 
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Table 1 . Effectiveness ofPAA vapor against B . subtihs var niger spores on paper and 
glass at various RH values a 



S0% RH 

60% RH 

40% RH 

20% RH 

Exposure to 

PAA {min) 

No of 
organisms 
per sample® 

No. of 
samples 
sterile® 

No of 
organisms 
per samples® 

No of 
samples 
sterile® 

No of 
organisms 
per sample 6 

No of 
samples 
sterile® 

No of 
organisms 
per samples 6 

No of 
samples 
sterile® 

Paper surface 

Qd 

1 25 

816,000 

676 

0 

831,000 


658,000 


275,000 


2 5 

1 

5 

1,390 

0 


— 

— 

— 

5 

<1 

12 

14 

2 

7,270 

0 

— 

— 

10 

<1 

14 

2 

7 

24 

2 

171,000 

0 

20 

0 

16 

1 

8 

7 

1 

117,000 

0 

40 

— 

— 

<1 

12 

<1 

8 

129,000 

0 

80 

— 

— 


— 

<1 

13 

26,000 

0 

Glass surface 

0* 

1.25 

813,000 

5 

7 

971,000 


709,000 


290,000 


2 5 

2 ; 

7 

216 

1 

— 

— 

— 

— 

5 

<i 

13 

88 

2 

33,600 

0 

— 

— 

10 

<i 

13 

38 

0 

1,530 

0 

218,000 

0 

20 

<i 

10 

4 

6 

2,330 

0 

153,000 

0 

40 

— 

— 

2 

7 

623 

0 

327,000 

0 

80 

— 

— 

— 

— 

143 

0 

267,000 

0 


° Approximately 1 mg of PAA/hter. 

6 Each entry is the geometric mean of 16 samples, except at 20% RH which is based on 8 samples. 
c Based on plating 70% of each sample With 80, 60, and 40% RH, 16 test samples were assayed; with 
20% RH, 8 test samples were assayed. 
d Control, no exposure to PAA. 

* Not tested. 



Fig, 2. Concentration of PAA vapor in test chamber 
as a function of time and RH. 

at the periphery of the drop. Such a pileup of 
cells provides protection for the spores under- 
neath from the lethal action of a poorly penetrat- 
ing vapor like PAA. 


The data for the activity of PAA against spores 
on glass show a rapid initial death rate, then a 
decrease and leveling off of the curve The con- 
taminated surfaces were not inserted into the 
chamber until 30 min after spraying the PAA; by 
this time, the initial rapid concentration drop 
(Fig. 2) had taken place and the period of gradual 
decrease with time had begun. The gradual 
concentration drop is not sufficient, however, to 
account for the slower rate of killing with time. 
Greenspan et al. (4) concluded that PAA vapor- 
phase sterilization is only dependable with clean 
surfaces. Trexler and Reynolds (11) believed that 
dirt was the cause for their difficulty in sterilizing 
animal cages with a fog of PAA The surfaces 
used in this study were clean, but the high con- 
centration of spores on the small sample area of 
the impermeable surface may have had an effect 
similar to that of dirt. The outer layer of spores 
killed during the initial exposure may physically 
protect the remaining viable spores Because 
PAA vapor apparently does not penetrate well, 
its power as a germicide seems to be limited to 
exposed microorganisms. 

The results of this study indicate that, at RH 
values between 40 and 80%, PAA vapor can 
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appreciably reduce spore contamination on both 
porous and impermeable surfaces withm 10 min. 
However, the optimal sporicidal activity occurs 
at 80% RH, and no appreciable activity occurs at 
a low (20%) RH. The level of microbial con- 
tamination and the cleanness of the surface, as 
well as the RH, are undoubtedly factors that 
determine whether sterility is achieved by treat- 
ment with PAA vapor 
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Aqueous formaldehyde is shown to exert both sporostatic and sporocidal ef- 
fects on Bacillus subtihs spores. The sporostatic effect is a result of the revers- 
ible inhibition of spore germination occasioned by aqueous formaldehyde; the 
sporocidal effect is due to the temperature-dependent inactivation of these 
spores in aqueous formaldehyde. The physicochemical state of formaldehyde in 
solution provides a framework with which to interpret both the sporostatic and 
sporocidal properties of aqueous formaldehyde. 


Although the bacteriostatic effects of 
aqueous formaldehyde appear to be well recog- 
nized (2), the effect of aqueous formaldehyde 
on spore germination does not appear to have 
been investigated. Such a study would seem 
necessary to distinguish between the sporo- 
static and sporocidal properties of aqueous 
formaldehyde for disinfectant purposes, espe- 
cially in light of a recent study (5) on the re- 
versible inhibition of spore germination by low 
levels of aliphatic or aromatic alcohols, which 
suggested that aldehydes also may reversibly 
inhibit the spore germination process. Further- 
more, the temperature-dependent nature of 
the bacteriocidal activity of formaldehyde in 
aqueous solution has been described (2, 4); yet 
a complimentary study on the temperature- 
dependent nature of the sporocidal activity of 
aqueous formaldehyde has not been under- 
taken, This communication investigates the 
capacity of aqueous formaldehyde to inhibit 
the germination of Bacillus subtilis spores and 
establishes that the inactivation of these 
spores by aqueous formaldehyde is a highly 
temperature-dependent process. 

MATERIALS AND METHODS 

The B. subtilis var. mger spores used in this in- 
vestigation were prepared by an active-culture tech- 
nique described previously (5) The spores were sus- 
pended in 95% ethanol at a concentration of 3 x 10 9 
spores per ml and were stored at -10 0. 

The aqueous formaldehyde was prepared by re- 
fluxing 5 g of para-formaldehyde (Matheson, 
Coleman & Bell) in 80 ml of deionized water until a 
clear solution was obtained (approximately 1.5 hr). 
The aqueous formaldehyde solution was then made 
up to 190 ml in a volumetric flask and stored at 31 
C. The formaldehyde concentration was determined 


by using the phenylhydrazine hydrochlonde-potas- 
sium ferncyanide method (1) and reading the ab- 
sorption at 515 nm. 

The effect of aqueous formaldehyde on spore ger- 
mination was studied by pipetting the ethanol sus- 
pension of spores into calibrated Bausch & Lomb 
Spectronic 20 tubes and removing the ethanol under 
vacuum A 5-ml amount of Trypticase soy broth (4% 
w/v, BBL), containing the aqueous formaldehyde at 
various concentrations, then was added to the tubes 
containing the spores. Insonation of these tubes for 
20 sec in an ultrasonic bath (Turco Products, Inc., 20 
amp, 250 v) resulted m complete suspension of these 
spores in the germinating medium. The spore sus- 
pensions then were incubated at 30 C. Periodically, 
the cultures were shaken, and optical density deter- 
minations were made with a Bausch & Lomb Spec- 
tronic 20 colorimeter. The viable-spore concentration 
in each suspension was determined after each exper- 
iment by serially diluting a given spore suspension 
and plating out on Trypticase soy agar (4% w/v). 
The plates were incubated at 31 C for 4 to 5 days to 
ensure sufficient time for colony development. 

The inhibition of spore germination was shown to 
be reversible by removing the inhibiting aqueous 
formaldehyde from the spore environment via mem- 
brane filtration (Millipore Corp., type HA, 0.45 fj.m) 
and resuspending the spores m germinating media 
free from inhibiting additive. The resuspended 
spores germinated. A similar study was carried out 
using ethylene glycol (Fisher Scientific Co.) as the 
inhibiting additive. In all studies, the spore suspen- 
sions were incubated at 30 C. 

The effect of temperature on spore viability in 
aqueous formaldehyde was determined by pipetting 
the ethanol spore suspension into screw cap vials (25 
mm inside diameter by 95 mm high) and removing 
the ethanol under vacuum. Each temperature study 
consisted of three such vials, to which was added 8 
ml of either sterile, deionized water or a 1% (w/v) 
formaldehyde solution. After addition of the appro- 
priate solutions, the vials were insonated m an ultra- 
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sonic bath for 30 sec to achieve complete suspension 
of the spores. One vial containing spores in 1% 
aqueous formaldehyde was allowed to remain at 
room temperature (24 C), while the remaining two 
vials, containing the spores suspended in either 1% 
aqueous formaldehyde or sterile, deionized water, 
were placed in a Blue M constant-temperature water 
bath at a given temperature controlled to ± 0.1 C. 
The temperatures studied were 24, 30, 40, 50, 55, and 
60 C. Samples were withdrawn periodically, serially 
diluted, and plated out using Trypticase soy agar 
(4% w/v, BBL) The plates were incubated at 31 C 
for 4 to 5 days to ensure sufficient time for out- 
growth. Dilution bottles containing either 0.5% so- 
dium sulfite or ammonium chloride were used to se- 
rially dilute spore suspensions m two different ex- 
periments in an effort to neutralize the formalde- 
hyde and, perhaps, reverse the formaldehyde-in- 
duced inactivation. 

Those spore suspensions subjected to heating in 
1% formaldehyde at 50, 55, and 60 C were tested for 
sterility by pipetting 0.1 ml from each suspension 
into separate dilution bottles containing 100 ml of 
sterile Trypticase soy broth (4% w/v). After 5 days of 
shaking at 24 C, a 1-ml sample was removed from 
each solution and pipetted into separate dilution 
bottles containing 100 ml of sterile Trypticase soy 
broth (4% w/v) All broth solutions were gently 
shaken for a total of 10 days and were visually in- 
spected for turbidity daily. 

RESULTS 

The process of spore germination can be fol- 
lowed by observing the changes in optical den- 
sity for a spore suspension as a function of 
time (3). Fig. 1 illustrates the data obtained 
when spores of B. subtilis var. niger were ex- 
posed to germinating media in the absence 
and presence of aqueous formaldehyde at 30 C. 
Increasing the formaldehyde concentration in 



TIME IMIN i 

Fig. 1 . Effect of various concentrations of 
aqueous formaldehyde on the germination of Ba- 
cillus subtilis spores . 


the germinating media caused a decrease in 
the extent of spore germination. A plot of the 
extent of germination as a function of formal- 
dehyde concentration is presented in Fig. 2. 
From such data it was possible to obtain an 
extrapolated value of approximately 0.8% as 
the level of aqueous formaldehyde required to 
completely inhibit germination of B. subtilis 
var. niger spores. 

The spore suspensions containing the var- 
ious formaldehyde concentrations (Fig. 1) were 
serially diluted and plated on Trypticase soy 
agar. The colony counts obtained from the 
spore suspensions exposed to aqueous formal- 
dehyde were nearly a log lower than those ob- 
tained from the control spore suspension (12 x 
10 7 spores per ml) not exposed to formalde- 
hyde. For example, the 0.0938% formaldehyde 
solution, which allowed complete germination, 
yielded a spore concentration of 3.6 x 10 7 
spores per ml, while the 1.5% formaldehyde 
solution, which caused complete inhibition of 
germination, yielded a spore concentration of 
1.6 x 10 7 spores per ml. The remaining form- 
aldehyde solutions had spore concentrations 
between these two values. The initial optical 
density of both the control and 0.0938% form- 
aldehyde solution was 0 66 at 625 nm. 

These results suggested that the inhibition 
of spore germination by aqueous formaldehyde 
was reversible, and a study to test this possi- 
bility was undertaken. B. subtilis spores were 
suspended in germinating medium containing 
no added formaldehyde (solution A) and 
2.5% formaldehyde (solution B). After 1 hr, 
spore suspension B was passed through a 
membrane filter and suspended in germinating 
medium containing either a 2.5% formalde- 



Fig. 2. Inhibition of spore germination by 
aqueous formaldehyde. Arrow indicates the extrapo- 
lated aqueous-formaldehyde concentration required 
for 100% inhibition of spore germination. 
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hyde (solution C) or no added formaldehyde 
(solution D). Fig. 3 shows that the inhibition of 
sppre germination by aqueous formaldehyde is 
reversible, since the resuspended spores germi- 
nated in media containing no formaldehyde, 
whereas the spores resuspended m media con- 
taining formaldehyde did not germinate. The 
initial optical density of both solutions A and 
D was 0.61, whereas the viable spore concen- 
tration in solution A was determined to be 9 4 
x 10 7 spores per ml and that of solution D was 
4.5 x 10 5 spores per ml. These results indicate 
that formaldehyde can exhibit both sporostatic 
and sporoeidal properties since aqueous form- 
aldehyde can reversibly inhibit spore germina- 
tion (sporostatic property) and decrease sur- 
vival levels (sporoeidal property). 

The sporoeidal property of aqueous formal- 
dehyde was observed to be strongly dependent 
on temperature; in fact, a synergistic response 
was observed for the inactivation of B. subtihs 
spores on exposure to aqueous formaldehyde at 
elevated temperatures. Heating an aqueous 
suspension of B. subtilis spores from 30 C to 
60 C for 4 hr did not result in spore inactiva- 
tion, whereas spores suspended in a 1% formal- 
dehyde solution exhibited less than a log re- 
duction in population after 4 hr at 24 C. How- 
ever, the combination of 1% formaldehyde and 
heat (30 to 60 C) resulted in the extensive 
spore inactivation illustrated in Fig. 4. The 
inactivation of spores by heat and dilute form- 
aldehyde may be characterized as a synergistic 



Fig. 4 Inactivation of B. subtihs spores sus- 
pended m 1 % formaldehyde and heated at 24 C Or), 
30 C m, 40 C (♦), 50 C (■), 55 C (A), and 60 C (•). 
Heating aqueous spore suspensions from 30 C to 60 
C for four hours did not inactivate the B. subtihs 
spores. N/N 0 refers to the ratio of viable spores at a 
given time (N 0 ). 



Fig. 3. Reversibility of the aqueous formalde- 
hyde-induced inhibition of spore germination. 
Spores were suspended in Trypticase soy broth with 
(A) no additive and (B) 2,5 % aqueous formaldehyde . 
After 70 min , spore suspension B was passed through 
a membrane filter and resuspended in Trypticase 
soy broth containing ( C) 2.5 % aqueous formaldehyde 
and (D) no additive. 


inactivation, because the rate of inactivation 
for spores exposed to both agents simultane- 
ously is greater than the rate of spore inactiva- 
tion due to heating at a given temperature m 
the absence of aqueous formaldehyde plus the 
inactivation rate due to 1% formaldehyde at 24 
C. Those spores suspended in 1% formalde- 
hyde at a concentration of 10 s spores per ml 
were completely inactivated on heating to 55 
or 60 C for 4 hr. Sterility was determined by 
direct colony count and incubation in broth for 
10 days, as described previously. Dilution bot- 
tles containing either 0.5% sodium sulfite or 
ammonium chloride were used to serially di- 
lute spore suspensions in two different experi- 
ments, in an effort to neutralize the formalde- 
hyde and, perhaps, reverse the formaldehyde- 
induced inactivation. No difference in survival 
level was observed between these experiment 
and those in which formaldehyde-treated 
spores were not exposed to these chemicals. 

DISCUSSION 

A previous study established that the germi- 
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nation of bacterial spores can be inhibited re- 
versibly by low concentrations of either ali- 
phatic or aromatic alcohols (5). The present 
investigation indicates that aqueous formalde- 
hyde can also reversibly inhibit the spore -ger- 
mination process. Structurally and chemically 
an aldehyde is different from an alcohol, yet 
both appear to affect spore germination in a 
similar manner. Insight into why formaldehyde 
should act as an alcohol in its effect on spore 
germination may be obtained from basic 
chemical considerations. Gaseous formalde- 
hyde rapidly reacts with water to form a 
monohydrate, methylene glycol, CH 2 (OH) 2 , 
which subsequently forms a series of low-mo- 
lecular-weight, polymeric hydrates or poly- 
methylene glycols, having the type formula, 
H0(CH 2 0) n H. The reaction of formaldehyde 
with water is shown in Fig. 5. 

It has been determined (6) that at 30 C a 
2%-formaldehyde solution contains 0.001% 
formaldehyde monomer and 99.999% meth- 
ylene glycol and polymers of methylene glycol 
In other words, formaldehyde in water is 
99.999% in the form of a di-alcohol (methylene 
glycol) or polymeric di-alcohols. Therefore, 
formaldehyde acts like an alcohol in reversibly 
inhibiting spore germination because, in 
aqueous solution, formaldehyde exists essen- 
tially as a di-alcohol. That di-alcohols per se 
can inhibit spore germination was shown in a 
study in which ethylene glycol (10% v/v) re- 
versibly inhibited the germination of B. sub - 
tihs var. mger spores. 

The contention that aqueous formaldehyde 
reversibly inhibits spore germination (Fig. 4), 
because in solution formaldehyde essentially 
exists as a di-alcohol and alcohols are known 
to reversibly inhibit spore germination, invites 
interesting comparisons. For example. Table 1 
compares the physical and sporostatic proper- 
ties of ethanol and aqueous formaldehyde 
(methylene glycol). Calculations based on the 
data in Table 1 reveal that nearly identical 
amounts of ethanol and methylene glycol are 
required to inhibit the germination of a single 
B. subtilis var. niger spore (column A). This 
result suggests that these additives, of com- 
parable molecular weight, steric volume, and 
chemical substituents, are interacting with 


H— + H a O 5=s H — C — H <=* HO(CHaO)„H Equation 1 

N h 6h 

formaldehyde methylene polyoxymethylene 

monomer glycol glycol polymers 

Fig. 5 Reaction of formaldehyde with water . 


Table 1 Comparison of the physical and 
sporostatic properties of ethanol and methylene 
glycol 


Additive 

Structure 

Mol 

wt 

Ger- 

mina- 

tion 

inhib- 

iting 

concn 

Column A® 

Ethanol 

ch 3 -ch 2 --oh 

46.07 

1.4% b 

1.46 x 10‘* 

Methylene 

glycol 

ho-ch 2 -oh 

48.03 

0.8% 

1.0 x 10 1! 


“Figures m this column refer to the calculated 
number of atoms of additive required to inhibit one 
B. subtilis var niger spore Calculated from the ger- 
mination-inhibiting concentration, inhibited spore 
concentration (1 x 10 s spores per ml), and Avogad- 
ro’s number. 

b Data obtained from reference 5. 

the spore in the same manner to inhibit spore 
germination, perhaps by combining with spore 
enzyme(s) required for spore germination. The 
observation that the rate of reversal of spore 
inhibition by aqueous formaldehyde is ap- 
proximately five times slower (Fig. 3) than that 
observed for ethanol suggests that, whereas 
both additives may be interacting with the 
same spore component and with the same 
stoichiometry, they do so in different manners. 

A further difference between alcohol and 
aqueous formaldehyde is that exposure of 
spores to formaldehyde results in decreased 
spore survival levels, whereas exposure of 
spores to alcohol is not sporocidal. For exam- 
ple, spore suspensions A and D in Fig. 4 both 
achieved essentially the same extent of germi- 
nation, and yet the viable spore concentration 
in solution A was 9.4 x 10 7 spores per ml and 
that of solution D was 4.5 x 10 s spores per ml. 
Both of these spore suspensions had the same 
initial optical density of 0.61. These two obser- 
vations, (i) that the inhibition of germination 
occasioned by a formaldehyde solution was 
fully reversible on removal of the aqeuous 
formaldehyde from the spore environment, 
and (ii) that the survival level of the formalde- 
hyde-treated, resuspended spores (suspension 
D) was more than 100 times lower than the 
control levels, strongly imply that the sporo- 
static and sporocidal properties of aqueous 
formaldehyde are not related. 

The equilibrium between formaldehyde and 
its hydrate forms (see Fig. 5) may also serve as 
the basis for understanding the synergistic 
inactivation of spores by heat and aqueous 
formaldehyde (Fig. 4). It is suggested that, 
whereas the inhibition of spore germination is 
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due to methylene glycol, the inactivation of 
spores is a result of an irreversible reaction 
between the free formaldehyde monomer 
present in a formaldehyde solution and the 
spores suspended in such a solution. The equi- 
librium between formaldehyde monomer and 
its diol form in water (methylene glycol) is not 
greatly affected by changes in temperature up 
to 60 C (6). Therefore, the extreme tempera- 
ture dependence observed for the inactivation 
of spores in aqueous formaldehyde may be a 
result of the increased rate of reaction between 
free formaldehyde monomer and the spores 
with increasing temperature. Consistent with 
such an interpretation is the observation that 
spores suspended in 1% formaldehyde solution 
and heated to 50, 55, or 60 C all exhibited 
approximately the same survival level after 
treatment for 30 min, and thereafter had dif- 
ferent rates of inactivation (Fig. 4). This result 
can be understood if one assumes that suffi- 
cient thermal energy was present at 50 to 60 C 
to allow the equilibrium concentration of form- 
aldehyde monomer to be completely utilized 
in combining with and inactivating a certain 
fraction of the total spore population. The sub- 
sequent differences in spore inactivation rate 
from 50 to 60 C could then reflect the influ- 


ence of temperature on the reestablishment of 
the equilibrium between formaldehyde mon- 
omer and methylene glycol in an aqueous 
formaldehyde solution. 
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BUFFERED 

GLUTARALDEHYDE 

10 

a new 
chemical 

sterilizing solution 


by A A. Stonehill, S. Krop, and P. M, Borick 


► THE NEED FOR A RAPID ACTING, SIMPLE TO USE, 

safe, aqueous chemical solution for the complete disin- 
fection or sterilization of medical, dental and hospital 
instruments has been apparent for some time. Many 
chemical compounds have been proposed, tested, and 
found wanting in some aspect. Phenols, chlorinated 
phenols, the lower alkanols such as ethyl and isopropyl 
alcohol, and the quaternary ammonium compounds 
have been used, but none were rapidly sporicidal 1 

The value of a chemical agent can best be measured 
by (a) its ability to kill spores rapidly such as Clos- 
tridium sporogenes , Clostridium tetam , Bacillus sub - 
tilts, and Bacillus pumihs; (b) its activity in the pres- 
ence of organic matter; (c) its activity in relatively low 
concentrations; (d) its lack of corrosive and toxic 
properties. Heretofore, no chemical disinfectant has 
been found which contained all of these attributes. 

Formaldehyde solutions have been found to be spori- 


A. A. Stonehill, Ph D., S. Krop, Ph.D., and P. M. 
Borick, Ph.D. are associated with Research Divi- 
sion of Ethicon, Inc., Somerville, N. J. 


cidal but they possess the inherent undesirable proper- 
ties of irritation, skin sensitization and vapor toxicity 
which make them inappropriate for use as chemical 
disinfectants. 

Our objective was to develop a full range, quickly- 
acting sporicidal agent that would have none of the 
undesirable properties of formaldehyde. A systematic 
study of various aldehydes culminated in the develop- 
ment of a buffered dialdehyde solution* that is capable 
of killing resistant spores in three hours or less, when 
tested by the rigid AOAC method 2 recommended by 
the U. S Department of Agriculture. This buffered 
solution has been found to be of particular advantage 
in the rapid sterilization of many hospital, dental and 
surgical items that are difficult or incapable of being 
safely sterilized by other means . 3 

Chemistry 

The active chemical in the buffered dialdehyde solu- 
tion is glutaraldehyde. It is a saturated dialdehyde of 

*CIDEX® aqueous activated dialdehyde solution. 
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the following formula CHO-CH 0 -CH 0 -CH 2 -CHO ; 
molecular weight is 100.12 In contrast to formalde- 
hyde, which is a simple aldeh>de, glutaraldehvde has 
two active carbonyl groups Under proper conditions 
these two groups, either singly or together, undergo 
most of the typical aldehyde reactions to form acetals, 
cyanohydrins, oximes, and hydrazones. Through a 
crossfinking reaction, the carbonyl groups react with 
protein. 

Aqueous solutions of glutaraldehyde are mildly acid 
in reaction. In this acid state they are not sporicidal. 
Only when the solution is buffered by suitable alkalina- 
tmg agents to a pH of 7 5 to 8.5, does the solution be- 
come antimicrobially active 

In the acid state, the glutaraldehyde solution is 
stable for long periods of time, when stored m closed 
containers in a cool place However, when rendered 
alkaline, the glutaraldehyde gradually undergoes 
polymerization and loses activity Above pH 9, the 
polymerization proceeds comparatively rapidly. In the 
pH range of 7 5 to 8 5, the polymerization reaction is 
slowed down considerably, so that full antimicrobial ac- 
tivity is maintained for at least two weeks. 

To provide greater utility to the activated or buf- 
fered glutaraldehyde solution, it has been found con- 
venient to add, in addition to the alkaline buffer, a 
surface tension depressant, an anti-corrosive compound, 
and a non-staining water soluble dye, D & C Green 
No. 8. From a practical viewpoint, this is best accomp- 
lished by preparing a dry powder blend of these chemi- 
cals and packaging them in a tightly closed vial, which 
is attached to the container of unactivated glutaralde- 
hyde solution. To activate the glutaraldehyde solution, 
it is merely necessary to add the contents of the vial to 
the aldehyde solution and shake gently until dissolved. 

The minimum concentration of aqueous glutaralde- 
hyde that has been found to be rapidly sporicidal is 
two percent. To buffer this concentration of glutaralde- 
hyde to the required alkaline range, the addition of 
03 percent of sodium bicarbonate is necessary. Al- 
though other alkalinating agents may be employed, 
the alkali metal bicarbonates, such as sodium bicar- 
bonate, have given best results. 

The purpose of the dye is to indicate the addition of 
buffer salts to the activated glutaraldehyde solution. 
Before the addition of the buffer-dye combination, the 
unactivated glutaraldehyde solution is colorless; after 
the addition, the solution turns a characteristic fluo- 
rescent green. 


Microbiological Evaluation 

Non-S porefarming Bacteria Tests using two percent acti- 
vated glutaraldehyde solution were conducted against non- 
sporeforming bacteria using the Millipore Filter Method 4 
Tot microorganisms included Micrococcus pyogenes var. 
aureus } American Type Culture Collections (ATCC 6538), 


Table 1 Bactericidal Action Exhibited by 2 Percent 
Activated Glutaraldehyde Solution Using the Millipore 
Filter Method 


Staphylococcus aureus 
ATCC 6538 
Proteus vulgaris 
ATCC 6380 
Escherichia colt 
ATCC 6880 
Pseudomonas aeruginosa 
ATCC 10145 
Dtplococcus pneumoniae 
Type III* 

Serratia marcescens** 
Streptococcus pyogenes 
ATCC 12384 
Klebsiella pneumoniae 
ATCC 132 


Aqueous Alcoholic 



All 


All 

Less 


Less 

Than 


Than 

Two 


Two 

Minutes 


Minutes 


Micrococcus lysodeikticus *** 
Escherichia colt 

(T phage) ATCC 1303 


* Dr Nungester, University of Michigan 
** Source, Department of Microbiology, Rutgers University 
*** Source, Ohio State University 
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Table 2. Bactericidal Activity Shown with Activated 
Glutaraldehyde Solution Against Ps. aeruginosa 
by the Use-Dilution Method 


Concentration of 
Glutaraldehyde 
Parts Per Million 

Time In 
Minutes 

Microorganism 

Surviving 

22 

05 

0 

22 

2 

0 

22 

6 

0 

22 

17 

0 

22 

60 

0 


Proteus vulgaris (ATGG 6380), Escherichia coh (ATCC 
6880), Pseudomonas aeruginosa (ATGG 10145), Dtplococ- 
cus pneumoniae (W Nungester, University of Michigan), 
Serratia marcescens (Rutgers University), Streptococcus 
pyogenes (ATCC 12384), Klebsiella pneumoniae (ATCC 
132), Micrococcus lysodeitikus, (Ohio State University), and 
Escherichia coh (T-phage strain) All of the test bacteria 
were m contact with the glutaraldehyde solution for less than 
two minutes, transferred directly to the appropriate culture 
media after exposure and incubated at 37 °C for 48 hours. 

The microbiological effectiveness of 2 percent activated 
glutaraldehyde solution is shown in the data presented. Only 
a short period of time was necessary to destroy various vege- 
tative bacterial cells as can be seen m Table 1 Activated 
glutaraldehyde solution was destructive to both gram-positive 
and gram-negative bacteria m less than 2 minutes contact 
time, the shortest time interval employed Even the highly 
resistant gram-negatives, e g , Pseudomonas and Proteus, were 
inactivated in less than two minutes 

The high degree of bactericidal activity demonstrated in 
Table 1 prompted us to determine the minimal inhibitory 
concentration necessary for the inactivation of Pseudomonas 
aeruginosa In order to determine the minimal inhibitory 
concentration necessary for activity against vegetative cells, 
the 2 percent activated glutaraldehyde solution was also tested 
by the use-dilution method of Ortenzio and Stuart 5 (1961) 
against Pseudomonas aeruginosa ATCC 10145 Cultures were 
incubated at 37 °C and results read after 72 hours 


It was shown that this microorganism could not be re- 
covered after 30 seconds exposure to 22 ppm activated 
glutaraldehyde solution See Table 2 
Sporeforming Bacteria A high degree of sporicidal activity 
with activated glutaraldehyde solution was demonstrated 
against the spores of Bacillus subtihs , Bacillus globigu, Clos- 
tridium tetani and Clostridium welchu by Chandler, Pepper, 
Dondershme and Borick (1963) 10 Rapid sponciditl action 
with Bacillus megatenum was shown by Dr O Wyss 6 and its 
activity compared with other disinfectants The efficiency of 
activated glutaraldehyde solution was compared with Lysol 
and a 2 percent formaldehyde preparation contained in 65 
percent isopropanol and 3 percent methanol 

Two percent activated glutaraldehyde solutions were com- 
pared with other sporicidal agents See Table 3 The spores 
of Bacillus megatenum were readily inactivated by glutaralde- 
hyde solutions Neither 2 percent cresol nor 2 percent for- 
maldehyde was able to destroy all of the cells m four hours 
It will also be noted that 2 percent activated glutaraldehyde 
solutions were able to destroy all spores within two hours, 
two weeks after activation of the test solutions 

The sporicidal activity of 2 percent activated glutaralde- 
hvde solution in the presence of blood serum was also com- 
pared with that of a commercially available 8 percent for- 
maldehyde formulation Nine parts of activated glutaralde- 
hyde solution or the formaldehyde solution were mixed with 
one part of human blood serum and tested for activity by 
the AOAC pennycylmder method. Bacterial spores included 
m the above test method were Bacillus globigu, Bacillus sub - 
tilis, Clostridium tetani and Clostridium welchii received 
from the U S Department of Agriculture 

Table 4 gives a comparison of activated glutaraldehyde 
solution with 8 percent formaldehyde solution when one part 
of human blood serum was added to nine parts of the test 
material Both solutions showed a high degree of sporicidal 
activity m the presence of blood serum by the AOAC penny- 
cylinder method 

Tuberculocidal Activity The tuberculocidal activity of 
2 percent glutaraldehyde was evaluated by Dr E Spaulding 7 
and Dr M Shelanski 8 Tubercle bacilli were shown to be 
destroyed by activated glutaraldehyde solution as they could 
not be recovered by Shelanski on Lowenstein-Jensen medium 
or recovered from guinea pigs nor could they be grown on 
Petragnani slants by Spaulding 
Fungicidal Activity The fungicidal activity of 2 percent 
activated glutaraldehyde solution was compared with various 
commercially available preparations by testing against Tri- 
chophyton interdigitale ATCC 640 using the AOAC proce- 


Table 3. Sporicidal Action of Activated Glutaralde- 
hyde Solution as Compared with Other Disinfectants 
Using B. megaterium as the Test Microorganism Re- 
sults Shown Below Represent Numbers of Surviving 
Organisms. 


Contact Time 




10 

30 

1 

2 

4 


0 

min 

min 

hour 

hours hours 

2% Activated 







glutaraldehyde 
freshly mixed 

3980 

1650 

250 

4 

0 

0 

2% Activated 







glutaraldehyde 

2 weeks later 

3980 

2570 

300 

19 

0 

0 

1 % Saponated cresol 3700 

3040 

3600 

2400 

2300 

2200 

2% Saponated cresol 3650 

2900 

3040 

3030 

2680 

1320 

2% Formaldehyde 

4010 

3150 

2300 

1920 

20 

10 

Control (water) 

4080 

4000 

3990 

4050 

3960 

3940 


Survivor counts above xlOO 


Table 4. Sporicidal Action of Nine Parts of 2 Percent 
Activated Glutaraldehyde Solution or 8 Percent Form- 
aldehyde* with One Part of Human Blood by the 
AOAC Pennycylinder Method 



2% Activated 

Glutaraldehyde Formaldehyde 


Aged 18 Hours 

(Time Required to Kill in Hours) 

J3 globigu 

2-3 

>3 

B subtilis 

2 

>3 

Cl tetani 

<2 

<1 

Cl welchu 

2-3 

<1 

B globigii 

Aged 2 Weeks 

<1 

<1 

B subtilis 

3 

<1 

Cl tetani 

<2 

>6 

Cl. welchu 

2 

2 


* Purchased as commercial preparation 
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Table 5 Fungicidal Activity Exhibited by Various 
Commercially Available Preparations Using T. inter- 
digitale ATCC 9533 and Employing the AOAC 
Procedure 


Resistance 
Concentration Of Fungal 


Product 

Tested 

Spores 

Activated Glutaraldehyde 
Solution 

2% 

(Time 

In Minutes) 

<5 

Zephiran® 

1-1000 

5 

Amphyl® 

2 % 

<5 

Iodide 

200 ppm free Is 

<5 

Mercuric ox> cyanide 

1.1000 

>15 

Bard-Parker® 

Full Strength 

<5 

Wescodvne® 

75 ppm free Is 

<5 

Phenol control 

1 45 

<10 

Phenol control 

1 60 

>15 


dure of Ortenzio (I960) Results indicate that the glutaralde- 
hvde solution was able to inhibit growth of Trichophyton in- 
ter digit ale in less than 5 minutes, the time interval tested by 
us This is in contrast to a 1 * 60 phenol dilution which re- 
quired more than 15 minutes as well as other preparations 
which ranged in activity from that of glutaraldehyde to 
phenol (See Table 5) 

Virucidal Activity The virucidal activity of glutaraldehyde 
was earned out by Dr M Klein 9 and the results were re- 
ported by Chandler et al. 10 Polio types 1 and 2, Coxsackie 
B-3, Influenza A-2 and Mouse Hepatitis (MHV3) were 
shown to be killed within 10 minutes exposure to the test 
solution 


Toxicology 

Toxicological study was designed to obtain data by which 
to assess the relative hazards of “equicidal”* solutions of glu- 
taraldehyde and of formaldehyde 

Systemic Toxicity 

Acute. Albino mice and rats were used for the acute toxicity 
determinations. Formaldehyde and activated glutaraldehyde 
solutions were diluted with physiological saline so that the 
volume administered did not exceed 0 5 ml. for intravenous, 
and 1 0 ml. for oral administration to mice and 5 0 ml for 
oral administration to rats 

a. Intravenous Glutaraldehyde and formaldehyde solutions 
were administered intravenously to albino mice and rats 
in groups of ten animals for each dose, after preliminary 
dose range-finding. Simultaneously, the acute intra- 
venous toxicity of formaldehyde was determined in the 
same manner. The results appear m Table 6 Symptoms 
of toxicity appeared in a few minutes at doses approach- 
ing the LDsa, and consisted of pallor, gasping, convul- 
sions, and depression Survivors were depressed for one 
to two hours, i.e., spontaneous motor activity was de- 
creased; recovery was complete Autopsy of fatalities re- 
vealed hemorrhagic lung congestion; sacrificed survivors 
autopsied at various periods during recovery exhibited 
no effects grossly. The symptoms of poisoning, their time 
course, and the post-mortem findings were similar for 
glutaraldehyde and for formaldehyde The acute intra- 

* “Equiddal” as applied here, roughly equates 2 percent 
activated glutaraldehyde solution with 8 percent formaldehyde 
in bactericidal and sporicidal power. 


Table 6. Acute Intravenous Toxicity of Glutaralde- 
hyde and Formaldehyde in Albino Mice and Rats 



ld 50 


Species 

Glut araldeh yde 

Formaldehyde 

Mice 

15 0 mg /Kg 

54 0 mg /Kg 

Rats 

9 8 mg /Kg 

45 0 mg /Kg 


venous LD» for mice was estimated at 15 and 54 mg 
for glutaraldehyde and formaldehyde respectively, for 
rats, 9 8 and 45 mg /Kg respectivel> 
b Oral Glutaraldehyde and formaldehyde solutions were 
administered to albino rats and mice by stomach tube 
After preliminary dose range-finding tests, doses were 
given to groups of ten animals each The results appear 
in Table 7 Symptoms of poisoning were similar to 
those after intravenous administration to mice, but re- 
quired longer to develop Gross post-mortem examina- 
tion revealed irritation of the gastrointestinal tract, the 
more intense (hemorrhagic) irritation occurring with the 
higher doses Many animals exhibited lung congestion 
resembling that following intravenous administration, 
and congestion of the abdominal viscera The oral LD W 
m mice was 352 mg and 305 mg for glutaraldehyde 
and formaldehyde respectively, in rats it was 252 mg 
and 451 mg respectively 

c Percutaneous Rabbits and rats receiving single and mul- 
tiple applications of glutaraldehyde as a 2 percent 
aqueous solution exhibited no evidences of systemic ef- 
fects even m the cases m which irritation was produced 
upon daily application for approximately one month 
The effects upon the skm appear m the section on local 
effects, following 

d Inhalation Inhalation of vapors by mice and rats from 
2 percent activated aqueous glutaraldehyde solutions 
evaporating freely at room temperature m a closed 
svstem for penods up to four hours produced no symp- 
toms and animals sacrificed immediately after exposure 
and at varying intervals after exposure showed no ef- 
fects grossly Formaldehyde evaporating from “equici- 
dal” 8 percent aqueous solutions under identical con- 
ditions produced signs of respiratory tract irritation in 
the animals clinically and evidence of severe lung in- 
jury at sacrifice after the exposure Table 8 summanzes 
the data Higher concentrations of both compounds m 
the evaporating aqueous solutions produced more ef- 
fects, which were uniformly much more severe with 
formaldehyde 

Subacute and Chronic Observations on subacute and chronic 
effects of glutaraldehyde m albino rabbits were made only (a) 
after single and daily cutaneous applications of aqueous solu- 
tions for periods up to six weeks and (b) after single appli- 
cations of aqueous solutions to the conj*unctiva Applications 
to the closely clipped skm of 0 5 ml of solution, spread with 
a soft brush and allowed to dry, were made to a given area 
There were no symptoms suggesting systemic toxicity, te , 
resulting from skm penetration and accumulation to toxic 
levels, in any of the animals. These effects are described m 
the section on local effects following. 


Table 7. Acute Oral Toxicity of Glutaraldehyde and 
Formaldehyde in Albino Mice and Rats 



L!Dso 


Species 

Glutaraldehyde 

Formaldehyde 

Mice 

352 mg./Kg 

305 mg /Kg 

Rats 

252 mg /Kg 

451 mg /Kg. 
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Table 8. Acute Inhalation Toxicity of Glutaraldehyde (GA) and Formaldehyde (FA) Vapors in Mice and Rats 


Animal 

Species Compound 

Concentration 
and Volume/Liter 
of Air Space 

Exposure 

Time 

(hours) 

Mortality 
Died/ 
Exposed 
(7 days 
later) 

Immediate Effects 

Delayed Effects 

Comments 

Rats 

GA 

aqueous-2%-1 5 ml. 

4 

0/12 

none slightly more 
restless than controls 

initial weight 
loss m 5/12, 
regained in 1-2 
days 

pneumonitis in 
10/12, as in 
controls 

Rats 

FA 

aqueous-2%-1 5 ml 

4 

1/8 

moderate dyspnea, 
restlessness, pawing 
of face 

weight loss in 

6/8, progressive 
deterioration 

lungs grossly 
hemorrhagic at 
autopsy 

Rats 

FA 

aqueous-8%-1 5 ml 

4 

3/4 

one died m 2 hours, 
restlessness, gasping, 
rhmorrhea, 
severe dyspnea 

2/3 survivors 
died 1-4 days 
post implantation 

lungs deeply 
hemorrhagic 
grossly at 
autopsy 

Rats 

HaO 

Control 

aqueous-8%-1 5 ml 

6 

0/3 

1/3 slight rhinorrhea 

1/3 initial weight 
loss, regained 
in 3 days 

pneumonitis in 
2/3 

Rats 

HaO 

Control 

aqueous-8%-1 5 ml 

4 

0/16 

none 

1/16 initial 
weight loss, 
regained in 

2 days 

pneumonitis in 
1/4 

Mice 

GA 

aqueous-2%-1 5 ml 

4 

0/5 

none 

2/5 initial weight 
loss, regained 

pneumonitis 
in 2/4 

Mice 

FA 

aqueous-2%-1 5 ml 

4 

0/12 

pawing of face, 
“wheezing” 

6/12 initial weight pneumonitis 
loss, regained in 1/5 

slowly 

Mice 

FA 

aqueous-8%-1 5 ml 

6 

3/3 

3/3 died in 

1-5 hours 


stomach and 
intestines 
air-filled ; 
lungs deeply 
hemorrhagic 

Mice 

HaO 

Control 

aqueous-8%-1 5 ml 

4 

0/2 

none 

2/2 weight loss, pneumonitis 
regained m 7 days in 6/11 

Mice 

HaO 

Control 

aqueous-8%-1 5 ml. 

6 

0/11 

none 

none 



Local Effects 

Skin Aqueous solutions of 2 percent activated glutaralde- 
hyde and of 8 percent formaldehyde were applied daily for 
six weeks to the clipped dorsal skin of 20 albino rabbits, 0 5 
ml of each for comparison in the same animal. The solu- 
tions were spread with a soft brush and allowed to remain 
until “dry” The application sites were examined daily prior 
to repetition of the day’s application and the extent of reac- 
tion noted Table 9 summarizes the findings Faint yellow 
staining of the skin and hair appeared after the first appli- 
cation of 2 percent activated glutaraldehyde solution which 
gradually became more intense and gradually turned to a 
golden brown over the six week period of application. The 
discoloration interfered with good estimation of erythema, 
which in any case appeared to be no more than questionable 
The discoloration persisted up to 35 days after application 
ceased. A mild “rash” appeared early during the application 
in some animals receiving both glutaraldehyde and formalde- 
hyde, in most cases disappearing despite continued application 
of the solutions. Formaldehyde of equal concentration pro- 
duced definite erythema An “equicidal” aqueous formalde- 
hyde (8 percent) produced a severe erythematous reaction 
with edema after one to two daily applications with necrosis 


and eschar formation in seven to ten days, the eschar pealed 
off leaving the site scarred. A 25 percent aqueous concentrate 
of glutaraldehyde produced a similarly intense reaction 

Eye. Irritation of the eye by aqueous solutions of glutaralde- 
hyde and of formaldehyde was determined in five albino rab- 
bits by single installation of 0 1 ml. into one conjunctival sac 
of each animal, the other sac serving as control Effects were 
noted at two hours and then daily thereafter. In some instan- 
ces, washing with 5 ml. of water followed the instillation of the 
25 percent concentrate of glutaraldehyde. Two percent aqu- 
eous glutaraldehyde caused a severe reaction consisting of in- 
flammation, lachrymation, and edema which required seven to 
eight days for complete recovery Formaldehyde of equal con- 
centration produced a milder reaction requiring three to four 
days for recovery. Eight percent formaldehyde (equicidal with 
2 percent activated glutaraldehyde) produced a very severe 
reaction requiring seven to forty-five days for recovery. Table 
10 summarizes the results. 

Gastrointestinal Tract Observations on the gastrointestinal 
effects by local action were made incidental to determinations 
of systemic toxicity by oral administration and have been de- 
scribed in a preceding section of this report. 
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Urinary Tract Observations on the effects of aqueous ac- 
tivated glutaraldchvde solutions on the mucosa of the urethra 
and bladder were confined to those arising from careful pas- 
sage and retention of catheters which had been immersed in 
sponcidal (2 percent! concentrations of activated glutaralde- 
hyde solutions Comparisons of effects of unrmsed, nnsed-with- 
water, and control catheters (trauma controls) were made m 
dogs under light pentobarbital anesthesia Catheters were 
permitted to remain m place six to eight hours, after which 
gross examination of urethra and bladder was made at necrop- 
sy followed by examination of stamed microscopic sections 
Three dogs were used for each treatment and two dogs as 
trauma controls No effects attributable to the presence of 
residual glutaraldehvde were noted, i e , the effects of trauma, 
which were mild and variable, were as great as those due to 
the “treated” catheters 

Respiratory Tract Observations on certain aspects of the 
effects of vapors on the respiratory tract have been described 
m a preceding section of this report In addition, observa- 
tions have been made on the effect of residual 2 percent ac- 
tivated glutaraldehyde solution adhering to endotracheal tubes 
on the mucosa of the pharvnx and trachea of dogs under 
pentobarbital anesthesia Rubber endotracheal tubes were im- 
mersed, then removed from the solution, allowed to dram 
freelv and passed into the trachea to within approximately 
one inch of the bronchial bifurcation (three dogs). Tubes 
similarly treated but rinsed with water (three dogs) and 
tubes treated with water alone prior to intubation of the 
trachea served as controls (two dogs) There was no evi- 
dence that the residual glutaraldehvde exerted an a 'tion on 
the mucosa beyond that of the (mechanical) trauma pro- 
duced by the control tubes 


Summary of Toxicological Effects 

The acute systemic toxicity of glutaraldehyde has been 
studied in rats and mice, and the local effects m rabbits and 
dogs The compound is slightly to moderately toxic A 2 


Table 9. Effects of Daily Aqueous Glutaraldehyde 
(GA) and Formaldehyde (FA) Solution Applications on 
the Skin of Albino Rabbits 


Com- 

pound 

and 

No 

r» 

Effects 

tration 

Applied Erythema “Rash” Scarring 

GA 2% 

7 

spotty, mild ; slight to mod- pm-point, 
questionable erate, rever- questionable; 

sible clearing de- 

spite further 
application 


42 

no further intensification of effects, except 
discoloration 

FA 2% 

7 

mild, slight to mod- as for GA 2% 

distinct erate , rever- 

sible 


42 

as for GA 2%, except no discoloration 

FA 8% 

1-2 

severe with 
edema 


7-10 

marked, with 
hard eschar 


14 

application stopped, scarring after eschar 
sloughed off 


Table 10. Effect of Aqueous Glutaraldehyde (GA) 
and Formaldehyde (FA) on the Eye of Albino Rabbits 
(single application - five rabbits each) 


Effects 


Irritation 


Compound and Score 

Co\’CE\TR\T!ON (Max = 110) Rating Recovery 


GA 2% 

17 

Severe 

7-8 days 

F\ 8% 

96 

Severe 

7-45 days 

F\ 2% 

10 

Moderate 

3-4 days 


percent aqueous solution is slightly irritant to the skin and 
severely irritant to the eye, being less so than an “equicidal” 
formaldehyde solution Precautions for handling and using are 
simple and consist m limiting contact with tissues, prompt 
washing of exposed body parts with water, and avoidance of 
inhalation, i e , precautions are identical in kind with those 
for safe use of formaldehyde Eye contact with the solution 
should, aftei prompt irrigation with water, be reported to a 
physician 

Other Advantages 

In addition to its remarkable bactericidal activity, 
activated glutaraldehyde solution has the following 
advantages* 

1 Its aqueous solution has no deleterious effect on 
the cement or the lenses of such medical instruments as 
bronchoscopes, cystoscopes, telescopes, etc A cystoscope 
was immersed for a total of 125 immersions of three 
hours duration each in activated glutaraldehyde solu- 
tion without any ill effects to the lens system A bron- 
choscope was immersed for two continuous weeks m ac- 
tivated glutaraldehyde solution At the end of this 
period, the bulb lighted, the lens system was unaffected 
and there was no sign of corrosion of the metal parts. 
This test was repeated on the same instrument for two 
more weeks with the same satisfactory results. An Eng- 
lehard Exam Telescope was completely immersed m 
activated glutaraldehyde solution for 16 days There 
was no evidence of harmful effect to the optical sys- 
tem, lens cement, or plastic eye-piece 

2. It does not interfere with the electrical conduc- 
tivity of rubber anesthesia equipment. Anesthesia black 
rubber corrugated breathing tubes and face masks were 
tested for conductivity m accordance with Recom- 
mended Safe Practices for Hospital Operating Rooms 
as recommended in Bulletin No 56 issued by National 
Board of Fire Underwriters After initial conductivity 
tests, the equipment was immersed completely in ac- 
tivated glutaraldehyde solution for three hours, fol- 
lowed by rinsing in a full stream of running tap water. 
The equipment was then air dried for one day and 
finally dried for 30 minutes under high vacuum There 
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Table 1 1 Conductivity of Anesthesia Equipment 


Anesthesia black rubber corrugated breathing tubes and face 
masks were tested for conductivity in accordance with Rec- 
ommended Safe Practices for Hospital Operating Rooms 
using Conductivity Test Kit, Model F-2, distributed by Her- 
man H Sticht Co , Inc After initial conductivity testing, the 
anesthesia equipment was immersed completely in activated 
CIDEX solution for 3 hours, followed by rinsing m a full 
stream of running tap water The equipment was then air 
dried for one day with an occasional shaking off of water drop- 
lets and finally dried for 30 minutes under high vacuum 
The conductivity measured as electrical resistance (in ohms) 
is shown The maximum electrical resistance for anesthesia 
rubber tubes and parts is 1,000,000 ohms (National Board of 
Fire Underwriters) 


Resistance In Ohms 




After 

After 

After 



1st 

2nd 

3rd 



Cidex 

Cidex 

Cidex 

Anesthesta 


Immer- 

Immer - Immer- 

Equipment 

Initial 

sion 

sion 

sion 

Large black rubber 
corrugated breathing 

125,000 

70,000 

60,000 

80,000 

tube — 31" long 

Small black rubber 
corrugated breathing 
tube — 13" long 

Adult face mask 
(Ohio Chem Inc ) 

325,000 

180,000 

180,000 

200,000 

soft rubber 

400,000 

400,000 

300,000 

370,000 

hard rubber 

30,000 

25,000 

25,000 

30,000 

Small adult face mask 
(Ohio Chem Inc ) 





soft rubber 

1,000,000 

400,000 

450,000 

600,000 

hard rubber 

40,000 

30,000 

45,000 

25,000 

Adult face mask 
(Air Shield, Inc ) 





soft rubber 

4,000,000 

1,000,000 

300,000 

280,000 

hard rubber 

45,000 

40,000 

45,000 

45,000 


was no adverse change in the conductivity of the 
equipment (See Table 11). 

3. It does not affect the markings on clinical ther- 
mometers. Several rectal and oral clinical thermometers 
from two manufacturers were immersed in activated 
glutaraldehyde solution for two weeks. At the end of 
this time, there was no effect on the colored markings 

4 Its low surface tension permits easy penetration 
and permits easy rinsing. A large corrugated breathing 
tube, a small breathing tube, a rubber and a plastic 
endotracheal tube were sterilized in activated glutar- 
aldehyde solution for three hours, allowed to drain for 
one minute and rinsed in a full stream of running wa- 
ter. Within 30 seconds of rinsing, the glutaraldehyde 
content was reduced on the average to less than 8 parts 
per million (See Tables 12 and 13). 

5. It is non-corrosive. Dental picks, burrs, mirrors, 
diamond point drills; surgical instruments such as 
biopsy instruments, Gigli saws, stainless scissors, pick- 
up forceps, eye needle holders, were not corroded after 


having been immersed in buffered glutaraldehyde solu- 
tion for two weeks. 

6. It does not affect rubber and plastic articles 
Rubber and plastic catheters, O.R. rubber pads, rub- 
ber suction tubings, endotracheal tubes, plastic airways, 
polyethylene tubing and esophageal bougies exhibited 
no deleterious effects after two weeks immersion in buf- 
fered glutaraldehyde solution 

7 It is non-corrosive to aluminum foil suture pack- 
ets. Aluminum foil suture packets were forcibly im- 
mersed in buffered glutaraldehyde solution for 30 days 
at 100°F There was no corrosion of the aluminum foil 
at the end of this period. 

8. It does not coagulate blood, and therefore makes 
the cleamng of blood-covered instruments easier Buf- 
fered aqueous glutaraldehyde solution, and an alcoholic 
formaldehyde solution were individually mixed with 
whole human blood in a 4 to 1 ratio. The aqueous 
glutaraldehyde solution did not coagulate the blood, 
the alcoholic formaldehyde solution did coagulate the 
blood. 

9. It has a low vapor pressure — 22 millimeters of 
mercury, as compared to 24 millimeters of that of wa- 
ter. It is, therefore, no more volatile than water 
and will not evaporate as quickly as the more 
volatile alcoholic solutions Also, because of its low 
vapor pressure it tends to keep odor permeation to a 
minimum, as compared to formaldehyde vapors which 
are highly volatile causing irritating fumes to permeate 
the area. 

10 It does not affect the sharpness of cutting in- 
struments A surgical scissor and a surgical nail clip- 
per were immersed repeatedly in buffered glutaralde- 
hyde solution for two weeks with no effect on the 
cutting edge. 


Table 12 Hospital Breathing Items Were Sterilized m 
Aqueous Cidex Solution for Three Hours, Allowed to 
Drain For One Minute and Rinsed in a Full Stream of 
Running Tap Water 


Residual Glutaraldehyde (ppm) 

Running Water Rinse Time 
Hospital Item 15 sec 30 sec 60 sec 120 sec 

Large 32" Corrugated 

Rubber Breathing Tube - 

10 

7 

5 

Small 13" Corrugated 

Rubber Breathing Tube - 

8 

7 

4 

Forregger No 22 Red Rubber 
Endotracheal Tube 2 

1 

_ 


Davol No 3 White Plastic 
Endotracheal Tube 2 

1 

_ 

- 

Portex White Plastic 
Endotracheal Tube 1 

1 

_ 

_ 

Forregger 28F Brown Fiber 
Endotracheal Tube 9 

6 

- 

5 
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11. It has active buffering capacity. Normal carry- 
over of extraneous fluid adhering to washed and rinsed 
instruments will not interfere with antimicrobial ac- 
tivity. 

Discussion 

Buffered glutaraldehyde solution most nearly fulfills 
the criteria for the ideal instrument germicide as set 
forth by Dr E. M. Spaulding in 1957. 11 He stated: 

The perfect instrument germicide is not likely to be found 
or created as will be seen by examining the following arbi- 
trary criteria for an ideal solution. 

1 Produces rapid sterilization of instruments which have 
been mechanically cleansed but still carry a few tubercle 
bacilli, spores or virus particles 

2 Retains a major portion of its activity in the presence 
of body protein and does not coagulate it 

3 The quantity of germicide remaining on instruments 
after immersion does not irritate tissues 

4 No irritating fumes or unpleasant odor. 

5 Does not corrode metal, damage rubber goods or dis- 
solve cement mountings of lens systems 

6 Low cost 

The first criterion listed is the primary one, the others 
secondary. For example, safety should not be sacrificed, 
whereas the risk of tissue irritation can be avoided by rinsing 
m sterile water after disinfection If the user chooses to 
ignore the risk of spore and tubercle bacillus contamination, 
any one of many available solutions will be satisfactory On 
the other hand, if emphasis is placed upon protection against 
tuberculosis, the number to choose from is much smaller 
And those who demand a sporicide are limited, for the time 
being at least, to aqueous and alcoholic formalin solutions 

A careful comparison of his criteria with the proper- 
ties reported here for buffered glutaraldehyde solution 
would tend to indicate that the criteria have been met 

Based on the satisfactory results obtained in our lab- 
oratories, an extensive test-in-use program was initiated 
in a number of hospitals, including large medical teach- 
ing hospitals, located all over the country. These hos- 
pitals have conducted their own bacteriological tests, 
investigated the effect of the activated glutaraldehyde 
solution on expensive lens instruments such as broncho- 
scopes, and noted the reaction of personnel as regards 
skin irritation, odor, ease of handling and practical 
utility. 

These tests have been going on for over a year. Al- 
though the evaluations are still continuing a sufficient 
number of reports have been received confirming the 
rapid cidal effectiveness of the activated glutaraldehyde 
solution, its inertness against the lens and cement of 
various examining scopes, and its lack of irritating odor, 
non-irritation of skin, and ease of handling. 

Conclusions 

1. A satisfactory sporicidal chemical solution has 
been developed for the rapid sterilization of surgical, 
dental and hospital instruments. 

2. Common non-sporeforming bacteria are killed 
within two minutes after immersion. 

3. Mycobacteria m tuberculosis is killed within ten 


Table 13. The Following Hospital Items Were Totally 
Immersed in Aqueous Cidex for Three to Five Hours 


Residual Glutaraldehyde (ppm) 


Number of Rinses* 


Hospital Item 

1st 

2nd 

3rd 

4th 

5th 

Large 32" Corrugated 

Rubber Breathing Tube 

300 

24 

8 

7 

6 

Small 13" Corrugated 

Rubber Breathing Tube 

100 

14 

13 

6 

5 

Rubber Rebreathing Bag 

79 

7 

4 

12 

Nil 

Rusch 20 Tracheal Tube 

33 

27 

6 

5 

- 

Tragger 28F Brown Plastic 
Endotracheal Tube 

31 

5 

Nil 

_ 


Tragger 22 Red Rubber 
Endotracheal Tube 

19 

5 

Nil 

_ 


Davol No 3 White Plastic 
Endotracheal Tube 

15 

4 

Nil 



Portex White Plastic 
Endotracheal Tube 

15 

5 

Nil 

- 

- 


* Immersed in 500 ml of water, except corrugated rubber 
tube which was immersed m 1,000 ml. water Each item was 
rinsed and drained three times in each immersion bath, and 
allowed to dram for one minute before transferring to second 
immersion bath and subsequent baths 

minutes This is the more remarkable because it is one 
of the few non-alcoholic solutions that possesses this 
important property. 

4. Bacterial spores are killed within three hours 
when tested by the rigid AO AC method for spores 

5. The buffered glutaraldehyde solution was non- 
corrosive to metal instruments, did not harm lens in- 
struments nor their cement systems. 

6 The buffered 2 percent glutaraldehyde solution 
is slightly to moderately toxic. It is slightly irritant to 
the skin and severely irritant to the eye, being less so 
than formaldehyde in concentrations of equal antisep- 
tic action. 
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Editor’s Comments on Papers 11, 12, and 13 

11 Russell: Resistance of Bacterial Spores to Heat , Disinfectants , Gases and Radiation 

12 Schmidt and Winicov: Detergent / Iodine Systems 

13 Steiger-Trippi: Classical and Modem Methods of Antimicrobial Treatment 


The article by Russell describes the resistance of bacterial spores to various chemi- 
cal and physical agents and shows that spores which offer a high degree of resistance 
to one process are not necessarily insensitive to another. 

Schmidt and Winicov describe the preparation of iodine concentrates, which 
were among the earliest substances to be used in antimicrobial destruction. 

Steiger-Trippi considers the pros and cons of classical and modern methods 
of antimicrobial treatment and discusses a wide variety of subjects related to this 
area. 
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bacterial spores to heat, 
gases and radiation 


Resistance of 
disinfectants, 

ii 


Bacterial spores are generally far more resistant than vegetative 
cells to certain processes designed to achieve sterilisation or 
disinfection. This fact has an important application in both 
(a) the methods of sterilisation of certain pharmaceutical and 
medicinal products, such as injections, eyedrops, sutures, surgical 
dressings, etc, and (b) the food industry, where spoilage of 
products may occur because of, for example, the presence of heat- 
resistant organisms which have survived a heat sterilisation 
process This, in turn, leads to the problem of determining whether 
any spores survive a given treatment, this subject was reviewed 
by Schmidt 1 and more recently by Harris 2 and Russell 3 , both of 
whom stressed the importance of the post-treatment medium 
(the recovery medium} and incubation temperature, on the 
recovery of damaged sporing and non-spormg organisms 
Adequate means of neutralising or inactivating chemical agents to 
which organisms have been exposed must also be considered in 
determining the degree of bacterial susceptibility (Russell 3 , 
Russell and Gilbert 4 ) 

The purpose of this paper has been to assess the resistance or 
susceptibility of bactenal spores to certain chemical and physical 
processes No attempt has been made to carry out a fully com- 
prehensive survey of the literature in an article of this length, since 
the field is obviously a wide and varied one 

HEAT 

Mathematical considerations 

In an excellent paper, Kelsey 5 considered the findings of various 
authors on the resistance of bacterial spores of vanous species to 
moist heat When thermal death time (the time to kill at a particular 
temperature) was plotted on a log scale against temperature (°C), 
a straight line was produced (fig 1 ) the slope of which is the 
Z-value This is defined as the number of degrees of temperature 
per tenfold increase of time Based on this, Kelsey 5 showed that 
tf a Z-value of 10*C is assumed, and a survival of 5 minutes at 
121*C is taken, then extrapolating the line shows that a survival 
time of about 10 hours at 10O*C is to be expected (fig 2, 0—0). 
Similarly, if a Z-value of IQ'C is assumed, and a survival time of 
2 minutes at 12VC is taken, a survival time of about 250 minutes 
at 100*C is to be expected (fig 2, • — •). This is of use in accept- 
ing an organism as a test of the autoclaving process. 

Two other values frequently used in heat-resistance studies are 
the F-value and D-value. The F-value is the time in minutes 
required to kill all spores in a suspension at 250‘F (1 21 *C) (fig 3) 
Reids and Finley®, for example, estimated the F-value of stored 
spores of Bacillus stearothermophUus strain 1 518 to be 7 minutes, 
and the Z-value to be 1 2*F, whereas the F-value for new spores 
was >18 minutes, so that ageing of the spores caused a decrease 
m spore resistance On the other hand, Kelsey 7 working with other 
strains of 8 stearothermophi/us showed that spore papers could be 
stored for at least six months without any alteration in LD S0 
(measured in minutes}. 

D-value (also known as D 10 value, decimal reduction.time'or 
DRT) is the time in minutes required to reduce the number of 
spores in a suspension by 90 per cent ie to 10 per cent of the 
original number, at a given temperature It is also used in heat 
sttxfies on non -sporing bacteria see, for example. White 8 Ley 
and Tallentire 9 recently described the survival curves of 
Bjnegaterium spores m water at 100*0, and of B stearothermo- 
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philus spores at 1 1 5°C , the inactivation of these appears to follow 
an exponential law, apart from an initial increase in the number of 
colony-forming units with the latter organism (see the later 
description of 'Heat activation') The probability of existence of 
survivors can be calculated from the survival curves by first 
obtaining the D-value The linear plot can be expressed as 
log 10 N/N 0 = kD, in which N 0 is the initial number of viable cells, 
N the number of cells surviving a treatment D, and k is a constant 
equal to the slope of the curve 

Inactivation factor (IF) represents the degree of reduction in 



Fig 1 Thermal death time (log scale) plotted against 
temperature 



Fig 2 Survival times at 100*C obtained by extrapolation 
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Minutes (log scale) 

Fig 3 F- value (the time in minutes required to kilt all spores 
m a suspension at 250*C) 



10 7 



Minutes 

Fig 4b Initial shoulder followed by exponential death 
curve D -value is 3 min and IF (calculated) is 10 9 

the number of viable spores and is obtained by dividing the initial 
viable count by the final viable count, /e IF = N 0 /N 
Frequently, the IF is calculated from the D-value, although this 
is open to criticism (Powell 10 ), eg two hypothetical death-curves 
of spores at a certain temperature are considered in fig 4, 
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(a) showing an exponential death curve, and (b) an initial 
shoulder, followed by an exponential death curve 

From fig 4a, D-value = 4£ minutes Thus, the number of log 
cycles (= treatment dose/D-value) is 31 £/4£ = 7 Therefore IF = 
10 7 Alternatively. IF = N 0 /N = 10 7 /1 (or 10°/10- 7 ) = 10 7 

From fig 4b, the D-value from the straight portion of the graph 
is 3 minutes Thus, the number of log cycles is 28/3 ^ 9 so that 
when calculated in this way, the IF = 10® This, however, is true 
only if the line is perfectly straight and goes through the origin 
The true IF is N 0 /N = 10 7 /1 (or 10°/10* 7 ) = 10 7 (Apart from the 
initial lag, the rate of killing in b is, of course, greater than in a.) 

As Powell 10 has pointed out, the D-value approach can give 
a false picture, and this is also the case in irradiation sterilisation, 
which is discussed in a later section 

Heat activation and deactivation 

Shull and Ernst 11 found that the thermal death curves of dried 
spores of B stearothermophilus in saturated steam showed three 
phases a sharp initial rise in viable count, followed by a low rate of 
death which gradually increased, and the final phase of logarithmic 
death at maximal rate (see also Humphrey and Nickerson 12 ) 
The initial phase was due to 'heat activation' of the spore 
population Curran and Evans 13 , 14 were the first to show that 
sublethal heat could induce dormant spores to germinate, and 
this phenomenon was referred to as heat activation It has since 
been observed by many other workers, although not all spores are 
capable of being so activated. 

Conversely, Finley and Fields 15 observed heat-induced 
dormancy (decreased plate counts, or deactivation) to occur 
when spores of two strains of B stearothermophilus were 
subjected to sublethal temperatures of 100X or less This 
phenomenon was, however, transient, for when the spores were 
subjected to a more drastic heat treatment (105 to 115X), true 
activation resulted. 

Susceptibility of spores to moist heat 

The resistance of bacterial spores to moist heat varies with each 
strain, eg some strains of B subtihs spores are heat-sensitive, 
being rapidly destroyed at 100X, whereas others withstand 
boiling for several hours (Wilson and Miles 16 ) Similarly, B 
megatenum spores are reported to be highly resistant to moist 
heat 16 or highly sensitive (Rode and Foster 17 ) Banthracis is 
destroyed after 10 minutes at 100X, and B stearothermophilus 
requires 12 minutes at 121X. 

There is a similar variation with the anaerobic spore -formers, 
eg Cl botuhnum spores can withstand boiling for some hours. 
Cl welchu may be destroyed by boiling in less than 5 minutes 
(Headlee 18 ) or may be fairly resistant to higher temperatures 
(see Kelsey 5 ) Cl tetani. Cl oedematiens and Cl septicum spores 
may all be fairly highly resistant to moist heat temperatures 
above 1 00 X 

Susceptibility of spores to dry heat 

Less information is available about the resistance of bacterial 
spores to dry heat, although Koch and Wolfhugel 19 were the first 
to show that dry heat was less effective m destroying bacteria 
than moist heat, they also found that 1 £ hours at just over 100X 
destroyed vegetative organisms, whereas for spores a dry heat 
temperature of 140X for 3 hours was required Gerhards 20 , in 
work on the thermal death point of bacteria in fan ovens, stated 
that 140X for 1 hour was sufficient, so that the higher tempera- 
tures specified for sterilisation of articles are due to the wide 
variation of temperature within ovens (Darmady and Brock 21 ), 
However, to ensure sterility with dry heat, Darmady at al 22 
recommended that the holding time at a selected temperature 
should be 1 £ times that time required to kill all Ct tetani spores at a 
temperature 10X lower, eg if a sterilising temperature of 160X is 
to be used, then a holding time of 1 £ times the sterilising time at 
150X will be required, which is 1 i * 30 = 45 minutes (see 
table 1) 

Cl tetani was found by Darmady et al 22 to be the most resistant 
of all organisms to dry heat, and a non-toxigenic strain has been 
suggested as betng a suitable indicator of dry heat sterilisation. 

There is not necessarily any correlation between resistance to 
dry heat and resistance to moist heat, eg B stearothermophilus 
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Table t Tuna-temperature relationships for dry heat sterilisation 
(after Darmady et a/ 22 ) 


Temp 

Mms to kill 

Holding time (mms) 

BP recommended 

•c 

Ct tetani spores 

in sterilisation 
process 

holding time (mins) 

150 

30 

— 

60 

160 

12 

45 

60 

170 

5 

18 

— 

180 

1 


— 

190 

— 

n 

~~ 


is highly resistant to the latter, hut not particularly so to the former, 
process Nevertheless, this organism, B subtihs spores, and samples 
of earth have been used for testing gas ovens (Patrick et a/ 23 ) 

O'Bnen and Parish 24 heavily contaminated liquid paraffin, 
almond oil and olive oil with a spore-containing mixture of earth, 
hay and faeces, which contained spores resistant to dry heat at 
140‘C for 1 hour, and found that heating at 150 8 C for 1 hour 
satisfactorily sterilised the oils, whereas Tyndallisation could not 
be relied upon to ensure sterilisation 

Water activity and heat resistance of spores 

As defined by Murrell 25 , water activity (a w ) = equilibrium 
relative humidity (ERH)/100 Thus, a w values can vary from 0.00 
to 1.00. 

Bullock and Keefe 26 , in a detailed investigation into bacterial 
survival in systems of low moisture content, showed that spores of 
B subtihs remained viable in oils, fats and liquid paraffin for over 
two years Obviously, this fact is of importance in considering the 
sterilisation of these products by dry heat Similarly, Bullock and 
Tallentire 27 found that when powders containing B subtths spores 
were exposed to atmospheres of increasing humidity, a definite 
sequence of events occurred . 

(i) Below a certain moisture content, the spores remained 
viable and heat resistant, 

(u) Over a certain range of moisture uptake, the spores lost 
their heat resistance, but retained their viability; 

(in) At a still higher moisture content, both heat resistance and 
viability were lost. 

Spores of B subtths were found to remain viable and heat- 
resistant in a dry peptone powder for long periods of time In 
peptone powders containing up to 30 per cent of moisture the 
spores remained viable and heat-resistant , with a moisture uptake 
of 50 per cent the majority of the spores lost their heat resistance 
but remained viable, when the moisture uptake was 80 per cent, 
there was a loss of both heat resistance and viability, and these 
effects took place more rapidly at 100 per cent relative humidity. 

Bullock and Tallentire 27 concluded that spores in a dry powder 
underwent no change over long periods, and Murrell 26 stated that 
spores heated in anhydrous oils or fats might have a heat resistance 
similar to that in the dry state. 

The subject of water activity and thermoresistance has recently 
been re-investigated by Marshall, Murrell and Scott 28 , who 
showed that freeze-dned spores of B.megatenum, B stearo- 
thermophilus, Clostridium bifermentans and Clbotulmum did 
not survive well under extremely dry or very moist conditions, and 
that for maximum retention of viability and of heat-resistance, 
storage in air or in vacuum at a w values of 0.2 to 0.8 was required. 

Diptcolinic acid, cations, and 
heat resistance of spores 

Powell 29 found that about 5 to 1 5 per cent of the dry weight of 
spores was composed of dipicolmic acid (DPA) and that when 



HOOC-C C-COOH 

Pyndm«-2.6-dicart>oxyhc actd (diptcoltnic Mid, DPA) 


Spore germination took place, DPA was released with a loss of 
heat resistance. 
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El-Bisi and Ordal 30 found that higher growth temperatures 
markedly enhanced the thermal resistance of the spores of 
B coagutans var thermoacidurans , an important food spoilage 
organism Continuing this work, Lechowich and Ordal 31 showed 
that, in Bsubt/hs, elevated spoliation temperatures led to 
increased contents of DPA, Ca, Mn and Mg, and an increased 
heat resistance, whereas in B coagulans, higher spoliation 
temperatures gave a decreased content of DPA. However, the 
ratio of total cation content to DPA increased as thermoresistance 
increased, which supported the conclusion (Halvorson 32 ) that the 
chelated form of DPA is responsible for thermoresistance of 
spores On the other hand. Walker, Matches and Ayres 33 concluded 
from their work on the chemical composition and heat resistance 
of some aerobic bacterial spores that, while Ca++, Mg++ and 
DPA play an important role in determining thermal resistance, 
'other factors need to be included before a full explanation of 
thermal stability of spores can be made' Curran 34 also reported 
that the specific function of minerals in spoliation and thermo- 
stability had not then been well explained 

Lechowich and Ordal 31 showed that spores of B coagutans 
produced at 45 8 C possessed nearly 80 times as much DPA, 4 5 
times as much Ca++ and three times as much Mn++ as vegeta- 
tive cells* produced at the same temperature, and that whereas 
vegetative ceils were rapidly destroyed at 80°C, spores were 
killed only after exposure for 75 minutes at 98 5°C 

Heat-sensitive spores are produced when sporulation occurs 
in a Ca++ -deficient medium Slepecky and Foster 35 found that 
replacement of Ca++ in part by other cations gave spores which 
were less thermoresrstant but which resembled those with a normal 
Ca++ content in morphology, etc. Tallentire and Chion 36 investi- 
gated the heat resistance of B megatenum spores grown on a 
medium containing varying quantities of divalent metallic 
cations, and confirmed earlier reports that thermoresistance 
depended on the concentration of these cations in the sporulation 
medium. 

From the work of Rode and Foster 17 , it is apparent that DPA is 
built up during sporulation and released during germination. The 
strain of B megatenum used by Rode and Foster was rapidly 
killed at 85 8 C, and thus is less resistant to moist heat than the 
majority of strains of this organism. 

This loss of viability was associated with a lack of DPA retained 
in the spores . thermal loss of DPA occurred only upon the death 
of the cell 

Thermophilic spore papers and 
the testing of sterilisers 

Kelsey 5 drew attention to the dangers of using spore prepara- 
tions of inadequate resistance for testing the efficiency of auto- 
claves, and later 7 published details of the preparation and 
standardisation of spore papers of B stearotbermophilus of known 
heat resistance. Kelsey postulated that it was reasonable to assume 
that the slope of the dose-response curve was characteristic of the 
strain and that it would remain reasonably constant at least for 
some months The LD 50 (in minutes) could thus be used to 
characterise a batch of spore papers and a minimum LD 50 could 
be required from a batch made from that particular strain. An LD 50 
of 4£ to 6£ minutes at 121 # C appeared to be the recommended 
resistance 

Recovery of heated spores 

Early investigations on the heat-resistance of bacterial spores 
were made by Morrison and Rettger 37 , 3S , who showed that the 
response or behaviour of aerobic spore-forming organisms after 
heating was dependent on the environmental conditions, 
tomato-juice agar and yeast extract broth were found to have a 
stimulatory effect on the germination of these heat-treated spores, 
whereas the use of nutrient broth as the recovery medium 
frequently resulted in a much delayed initiation of growth Curran 
and Evans 39 later reported similar findings, in that enrichment 
substances incorporated in culture media were essential for the 
accurate enumeration of bacteria previously exposed to highly 
lethal factors. Olsen and Scott 40 studied the heat resistance of 
strains of Cl botulmum, and showed that various media which 
gave equivalent counts of unheated spores gave divergent 

* Vegetative cells are supposed to be devoid of DPA 
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Minutes 

Fig 5 D-value for control (no chemical present) and m 
presence of substance X 


estimates of the number of survivors following heat treatment; 
the addition of soluble starch increased markedly the recovery of 
these heated spores 

Schmidt 1 has reviewed the resistance of bacterial spores, with 
particular emphasis on spore germination and its inhibition 

Chemicals which reduce the heat 
resistance of bacterial spores 

Anderson and Michener 41 and Lewis, Michener, Stumbo and 
Titus 42 showed that msin and subtilin reduced the heat resistance 
of spores of the Clostridium strain PA 3679 Subsequently, 
Michener, Thompson and Lewis 43 * 44 compared the number of 
spores of this organism surviving a particular heat treatment in the 
presence and absence of various substances, and expressed the 
results as the percentage reduction in the D-value of the spores 
caused by the substance under test In the theoretical example 
provided (fig 5), assuming a logarithmic response, the D-value 
for the control (no chemical present) at the temperature used is 
10 minutes In the presence of a substance X, the D-value is 5 
minutes, so that there has been a 50 per cent reduction in the 
D-value Reductions m the D-value of <20 per cent were not 
considered significant. The degree of D -value reduction obviously 
depended on the concentration of substance employed. Of the 
antibiotics tested, only subtilin and msin gave a D-value reduction 
of >45 per cent, of several common disinfectants, only hydrogen 
peroxide, formaldehyde and silver nitrate were active, whereas 
calcium hypochlorite, potassium permanganate and merthiolate 
were inactive. Of several epoxides, ethylene oxide (200 ppm) and 
propylene oxide (1,300 ppm) were included in those which gave 
D-value reductions of about 50 per cent. The significance of this 
work was the possibility of reducing the seventy of heat processes 
for canned foods by including chemical additives; the authors 
stressed that they were aware of the need for further experimental 
work to be carried out, particularly with regard to demonstrating 
lack of toxicity of any chemical (s) which possessed the essential 
activity against spores of food spoilage organisms 

Bose and Roy 45 investigated the effect of different substances 
on the heat resistance of B subtihs spores at 1 1 0‘C Moist heat 
alone killed practically all the spores within 6 minutes; sodium 
chloride at concentrations of one per cent increased somewhat the 
rate of kill, as did calcium chloride at a concentration of 0 189 per 
cent A 55 per cent sucrose concentration slightly increased the 
rate of death as compared with the control No data were provided 
as to whether the differences were significant. 

Bose and Roy 46 subsequently' investigated the effect of various 
spices on the heat resistance of B subtihs spores at 1 05*C The 
spices used were chillies, turmeric, coriander, cumin and mustard 
The first four whole powders, when used in aqueous suspensions, 
were more effective than their ether— or alcohol-soluble fractions 
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Chillies and mustard oil were particularly effective in reducing the 
heat resistance of the spores 

CHEMICALS 

Several early investigators considered that various chemicals 
were sporicidal, eg Koch 47 proposed that mercuric chlonde had a 
rapid and lethal effect on the spores of B anthracis. whereas 
Geppert 48 using an improved and more logical technique found 
that tins action was sporostatic and not sporicidal Subsequent 
research has amply confirmed these findings, and it has been 
shown that spores are generally resistant to various disinfectants. 
It is thus logical, when considering bactericidal activity, to assess 
the efficiency of a substance as a sponcide, eg Berry 49 considered 
that a disinfectant should be tested against a vanety of organisms 
including spores, m the presence and absence of organic matter 

Reports on sporicidal tests have been published by Friedl and 
his co-workers (Ortenzio, Stuart & Friedl 50 ; Friedl 51 ; and 
Friedl 52 ) The method is based on testing the disinfectant against 
dried spores on suture loops or on porcelain rings The recovery 
medium is a thioglycollate medium. The spores tested are strains 
of B subtihs and Cl sporogenes, selected on account of their 
resistance to constant boiling hydrochloric acid (the reference 
substance). 

A recent rapid evaluation of disinfectants has been published 
by Mossel 53 . In this method, a mixed suspension of various 
vegetative bacteria, a spore {B cereus) and yeast (Sacch 
cerevtsae), are treated with the disinfectant for 5 minutes at 20*C 
A 1 ml sample Is then transferred to a sterile 'universal' neutralising 
solution, and the number of survivors determined in infusion and 
in selective agar A disinfectant is considered satisfactory if it 
effects at least 5 decimal reductions* (percentage of organisms 
killed equals at least 99 999) in the non-sparing bacteria and the 
yeast. If less than five DRs with B cereus are effected, the 
disinfectant may still be considered effective, but if the manufac- 
turer of the substance claims it to be sporicidal, a minimum of 
five DRs in the viable spore count is also required 

Hare, Raik and Gash 54 described a method in which an 
overnight culture of the organism was spread evenly over the 
outer surface of the flat base of special tubes and allowed to dry. 
The tube was then immersed in the disinfectant solution for a 
specified time, the antibacterial substance removed by tap-water, 
and the number of survivors determined by apposing the film to 
the surface of a solid nutrient medium 

The mam problem associated with the viable counting of 
surviving spores is the fact that allowance must be made for the 
spore to germinate, and for the vegetative cell thus produced to 
multiply to produce a colony This was the basis of the method 
adopted by Loosemore and Russell 55 and Russell and Loosemore 56 
in determining the sporicidal activity of phenol at 37*C and at 
higher temperatures 

The effect of individual substances on bacterial spores will be 
considered next. 

Mercurials 

In an excellent paper. Brewer 67 has reviewed the role of 
mercunals as antiseptics He posed the question of whether 
mercury compounds could prevent the germination of spores in 
the animal body, and attempted to evaluate this by injecting a 
freshly prepared mixture of Cf.tetani, of constant virulence, and 
the mercurial into white mice and noting the number of deaths 
which occurred over a period of time, (n the absence of antiseptic, 
the animals died of tetanus within 4 days. A further senes of 
experiments was conducted in which the spores were injected 
into white mice, followed at vanous time intervals by the antiseptic 
under test; it was found that organic mercury compounds could 
prevent infection with spores, even though administered one 
hour after injection of the organisms. It seems likely that these 
compounds exert a sporostatic rather than sporicidal action, for 
Brewer 58 had earlier reported that spores would remain viable 
even when suspended in the market strength of mercunals for 
several years, and Morton, North and Ertgley 5 ® have shown that 
spores and vegetative cells may still be infectious while in a state 
of bactenostasis. Berry, Jensen and Siller 80 showed that phenyl- 
mercuric nitrate (PMN) at a concentration of 0.001 per cent w/v 

* One decimal reduction (DR) means that 1 0 per cent of the original number 
remain viable, /e 90 percent we killed 
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was effective at 98“C in destroying the spores of a strain of 
B subtihs, and this wofk was later incorporated into the pharma- 
copoeia! method of sterilising injections, ‘Heating with a bacteri- 
cide’, although criticisms of this have been put forward Thus, 
Davison 61 found that relatively low concentrations of bacterial 
spores (of B cereus) could survive the process of heating with 
0002 per cent PMN at 98 to 100'C The screw-capped bottles 
used, however, were closed with a rubber liner, and since it is 
known that PMN is absorbed into rubber, this could be one 
reason for the results obtained 

Phenols 

Kronig and Paul 62 investigated the effect of various chemicals 
against anthrax spores dried on garnets Chick 63 found that their 
results could be represented by a straight line when log 10 of 
bacteria surviving was plotted against time Chick 63 went on to 
show that a similar logarithmic order of death was obtained with 
anthrax spores treated with five per cent w/v phenol 

However, phenol at ordinary temperatures is not normally 
considered as being an effective sporicidal agent (Sykes 64 ) Coal- 
tar fluids, also, are almost inactive against bacterial spores Cook 65 
stated that the information available on this subject was but little, 
but since then Lund 66 and Loosemore and Russell 55 have shown 
that even phenol concentrations as high as 2 5 to 5 0 per cent w/v 
have little lethal effect on B subt/fis spores at 25'C or 37*C 
Reddish 67 found that B cereus suspensions heated at 80'C for 
1 5 minutes (to remove vegetative cells) before exposure to 5 per 
cent phenol at 25'C were far more sensitive to the phenol than 
spores which had not suffered an initial pre-heating The reason, 
presumably, is that certain spores can be heat-activated (see under 
'Heat'), thus rendering them liable to germinate Phenol itself is 
lethal to germinated spores, eg Ferneiius 68 used 1 per cent phenol 
to selectively kill germinated spores of B anthracis Similarly, 
in contrast to its low sporicidal activity, only low concentrations 
of phenol are required to inhibit growth of the spores in nutrient 
broth { le germination followed by division of the vegetative cells) , 
eg Loosemore 69 found that, depending on the number of spores 
present, the sporostatic concentration of phenol against B subtihs 
was 01 to 0 2 per cent, and Sykes and Hooper 70 found a 
concentration of 0 25 per cent to be effective against their 
organism 

The effectiveness of phenol as a general bactericidal agent is 
known to be influenced by various factors such as pH and 
temperature (Bennett 71 ), and it has been found that its activity 
against B subtihs spores is also affected by such variables Thus, 
Sykes and Hooper 70 reported that whereas these spores remained 
viable in 0.5 per cent phenol for two weeks at pH 7 5, they were 
killed within 8 days by 0 1 per cent phenol at pH 3 and 4 Using a 
pH range of 5 8 to 8 1. Loosemore 69 also showed that phenol was 
more effective at an acid than at an alkaline pH 

At high temperatures, the sponcidal activity of phenol is greatly 
accelerated, eg Berry, Jensen and Siller 60 found that 5 per cent 
phenol at 80'C or one per cent at 98*C killed a heat-resistant 
strain of B subtihs spores within 15 minutes. A more recent 
investigation has amply confirmed the increased sporicidal action 
of phenol at elevated temperatures (Russell and Loosemore 56 ) 
Berry et a/ 60 also showed that 0 2 per cent w/v chlorocresol 
(p-chloro-m-cresol, BP) was rapidly lethal to B subtihs spores 
at 98*0, and suggested the use of this substance in parenteral 
injections, as it was quite stable to heat and towards light. This 
method was later adopted by the British Pharmacopoeia in the 
process of 'Heating with a bactericide' Davies and Davison 72 , 
however, found that relatively low concentrations of bacterial 
spores (of B subtihs) could survive this process 

Loosemore and Russell 73 investigated the effect of various 
phenol concentrations on the oxygen uptake of B subtihs spores 
m glucose at 37*C and found that m the absence of phenol, the 
amount of 0 2 taken up by the cells increased with time It was 
suggested that this was due to the germination of the spores in 
glucose (a known germination stimulant), whereas in the phenol 
range of 0.25 to 50 per cent tested, germination could not 
proceed, with the result that no, or very little, oxygen was taken up 
tt is interesting to note the closeness of the concentration of 0 25 
per cent m inhibiting 0 2 uptake with that of 0 2 per cent phenol 
quoted earlier (Loosemore and Russell 55 ) as being the sporostatic 
concentration against large numbers of B subtihs The conclusion 
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above is in agreement with the findings of Lund 66 that phenol 
inhibits a stage in the germination process, this point will be 
returned to shortly It appears from the work of Wolf and 
Mahmoud 74 on the germination and enzymic activities of spores of 
B subtihs and B cereus at low temperatures that certain enzymes 
are activated and diffuse into the medium during the course of 
germination 

Germination may be defined (Lund 66 ) as the changes which 
occur between the mature resting spore and the vegetative cell at 
its first stage of division This process may be subdivided into 
(i) the initiation stage, in which the spores lose their retractility 
(‘bright spores becoming 'dark' spores) and heat resistance, and 
become readily stamabie, (u) the outgrowth stage in which the 
spores swell, and the vegetative cells which are released elongate 
and finally divide Lund 66 found that 0 2 to 2 5 per cent phenol 
inhibited the initiation stage in geimmation, whereas cetrimide 
allowed initiation to proceed but inhibited outgrowth Rode and 
Foster 1 7 showed that after 64 hours treatment at 4°C, 5 per cent 
phenol was very effective in inducing the release of DPA from the 
spores of B megaterium Spores that had lost all or most of their 
DPA as a result of such treatment retained full refractility, le were 
'bright' spores Wolf and Mahmoud 74 had earlier suggested that 
sporicidal substances exerted their effect in two stages (a) 
inducement of germination, followed by (b) toxicity to the 
germinated spore Such a proposition could, of course, explain 
the lack of sporicidal activity of phenol and cetrimide, since 
neither allows germination to proceed 

Alcohols 

Ethyl alcohol is rapidly lethal to non-sporing bacteria, but 
alcohol in all concentrations is ineffective as a germicidal agent 
towards spore-forming bacteria (Gershenfeld 75 , Klarmann 76 ) 
When used at the same concentration, isopropyl alcohol is a 
more effective bactericide than ethyl alcohol, but is more or less 
inactive against bacterial spores 

Chlorhexidine 

Chlorhexidine is more effective against Gram-positive than 
Gram-negative bacteria, but is inactive against mycobacteria, and 
against bacterial spores 

Quaternary ammonium compounds 

The quaternary ammonium compounds (QACs) are not 
considered as being sporicidal substances Cetrimide, however, 
inhibits a stage in the germination process of B subtihs spores 
(Lund 66 ), as already described Benzalkonrum chloride is cited by 
Klarmann 77 as being effective as a sporostatic substance against 
various Clostridia , eg the bacteriostatic dilutions of this substance 
against S typhi, E coh, K aerogenes were 1 256,000, 1 64,000 

and 1 16,000, respectively, and against each of four Clostridia 

species (C/ we/chii, C/tetani, Cl histolyticum and Cl oedematiens) 

1 200,000 Klarmann and Wright 78 stressed that the QACs were 

not capable of killing the spores of resistant Clostridia and of 
Bacillus anthracis : and that publications which put forward an 
opposing view were based upon failure to control adequately 
sporostasis in the subcultures 

iodine and iodophors 

Iodine in aqueous or alcoholic solution is a most effective 
germicide, which is rapidly lethal to vegetative bacteria and also 
to spores (Gershenfeld and Witlin 79 , Gershenfeld 80 , Report 81 ) 
Polyvinyl pyrrolidine and other surface-active agents solubilise 
iodine to form compounds, the iodophors, which retain the germi- 
cidal activity of iodine, but not its disadvantages Lawrence, 
Carpenter and Naylor- Foote 82 , for example, found that 1 ,000 ppm 
of available iodine destroyed B subtihs spores in six to 10 hours, 
the lethal time increased to about 24 hours with available iodine 
concentrations down to 500 ppm The germicidal activity of an 
lodophor is that of the free iodine present 
Davis 83 has described the factors affecting the use of iodophors 
and their advantages compared with aqueous solutions of 
iodine. 

Hypochlorites 

The antibacterial activity of the hypochlorites is due primarily to 
the release of hypochlorous acid, HCIO Hare et a/ 54 showed that 
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Fig 6 B subtihs spores on cotton patches, exposed to 
ethylene oxide 120 mg/litre at 25*C (s = sterile) 

Per cent BH, dried and conditioned Per cent RH. exposed 


A 33 

33 

B 50 

50 

C 75 

75 

D .98 

98 



Fig 7. B subtilis spores on cotton patches, exposed to 
ethylene oxide 120 mg/litre at 25*C (s = sterile) 

Per cent RH, dried and conditioned Per cent RH, exposed 


A 33 

33 

B 22 

22 

C 11 

11 

D<1 

<1 


{Figs 6 and 7 are reproduced by kind permission of Dr C R 
Phillips and the Editor, Pharmaceutical Press, London) 


sodium hypochforite was lethal to dried non-spormg pathogens 
within 4 to 24 minutes, the hypochlorites have much less 
activity against bacterial spores (Report 81 ), and a long period of 
contact may be necessary to demonstrate any death of the spores. 


Dyes 

Tnphenytmethane dyes, which include brilliant green and 
crystal violet (its crude form is gentian violet), and the acridines 
{eg ammacrme, acriflavme, proflavine) have been adequately 
reviewed by McCulloch 84 and Sykes 64 

The triphenylmethane dyes are selectively bacteriostatic 
against Gram-positive bactena , this activity includes a growth- 
inhibitory effect on bacterial spores 

The acridines are generally more effective against the more 
nutritionally-exacting species (including Clostridia species) than 
they are against the less exacting species 

Formaldehyde 

Formaldehyde solution is rapidly sporicidal, according to 
Ortenzio, Stuart and Fried! 50 , against B subtihs but not Clsporo- 
genes Their technique has, however, been criticised by 
Klarmann 85 , who obtained survival of spores of this organism, 
C! perfnngens and C/tetam even after exposure for 8 hours, 
Klarmann also found that B subtihs spores survived a 4 hour 
exposure to eight per cent formaldehyde solution provided that the 
factor of sporostasis in the subculture medium was controlled 
Klarmann 76 further stated that any sporicidal action was slow. 

This latter point has lately been re-emphasised (Report 81 ), 
solutions containing 5 to 1 0 per cent formaldehyde in alcohol are 
slowly sporicidal, although against vegetative organisms 
formaldehyde is rapidly lethal 

Formaldehyde is also an effective germicide when in the vapour 
phase, but requires a high degree of humidity to exert its effect 

GASES 

Most of the research on the antibacterial effect of gases has 
been earned out with ethylene oxide Original work (Phillips and 
Kaye 86 , Phillips 87 , Kaye 88 , Kaye and Phillips 89 , Kaye eta/ 90 ) 
showed that this gas had a wide antimicrobial spectrum, including 
a sporicidal action The sterilising efficiency of ethylene oxide is 
related to the concentration of the gas, the time of exposure, the 
temperature and the relative humidity, the moisture content of the 
materials, and the sorptive capacity of the materials (Phillips 87 * 91 ; 
Phillips and Warshowsky 92 , Thomas 93 , Kelsey 94 ; Bruch 95 ; 
Sutaria and Williams 96 , 'British Pharmacopoeia', 1963) An 
example of the relationship between temperature, time and 
concentration, based on the results of Phillips 87 is given in table 2. 

Table 2 Activity of ethylene oxide against B globigu spores 

Time (hours) to kill 99-99 9 per cent spores at 

25-C 37‘C 

10 4 


The 'British Pharmacopoeia' (1963, page 1164) states that the 
temperature coefficient is about 2 7 for each 10X rise in tempera- 
ture, which is equivalent to 1 104 for each ‘C rise. 

Vegetative organisms are less resistant than are spores, but 
the difference in resistance is less than that found in sterilisation 
by dry or moist heat (Phillips 97 ; Thomas 93 ). 

A factor of great importance in ethylene oxide sterilisation is 
relative humidity, eg Fried!, Ortenzio and Stuart 98 investigated 
the sporicidal activity of ethylene oxide against the spores of five 
Bacilli species and five Clostridia species by the AOAC sporicide 
test. Their results confirmed the sporicidal activity of the gas, and 
also demonstrated its greater effect on wet spores than on 
completely dried spores, in which case prolonged exposure 
periods were required for a lethal effect to be observed 

A more extensive investigation was published by Phillips 91 , 
who showed that spores dried on hard and impermeable objects, 
such as glass and metal, were more difficult to sterilise when 
thoroughly dry than spores dried on porous materials such as 
paper or cloth Additional experiments, with B subtihs var niger 
{B g/obigit) were also made in which small clean cotton patches 
seeded with spores, were dried and maintained at a specified 
relative humidity before being exposed to ethylene oxide gas at 
the same or different rh at 25X Examples of the results obtained 
by subsequent viable counting are given m figs 6, 7. At rh values 
of 33 per cent and above, the order of death was exponential (fig 


Concn of 
ethylene oxide 
(mg/1) 

221 
44 2 
88 4 
442 
884 
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6} ; at rh values below 33 per cent, however, there was no simple 
exponential response (fig 7) Further, B giobtgt/ spores became 
increasingly resistant to ethylene oxide by dehydration within an 
hour or less. Perkins and Lloyd" stated that the resistance of 
bactena to ethylene oxide depended on (a) the growth phase of 
the organism, te spore or vegetative cell, (b) the number of spores 
or cells present (c) the state of hydration of the organisms It was 
shown that if the rh was increased to 55 to 60 per cent and a 
'dwell* penod allowed, after the introduction of moisture into the 
s ter ilising chamber, solid surfaces would absorb sufficient 
moisture and so render the contaminants susceptible to the gas 
It was also pointed out that humidification of a chamber to a rh 
of 20 to 40 per cent at 54*C was not sufficiently effective to render 
the dried organisms on those surfaces susceptible to the gas 
Propylene oxide, C 3 H 6 0, is less microbiocidal than ethylene 
oxide (Bruch 95 ) Acceptable concentrations for sterilising 
purposes are 800 to 2000 mg/I Bruch and Koesterer 100 found 
that the lethal power of propylene oxide vapour decreased with 
increasing relative humidity Himmelfarb, Ei-Bisi, Read and 
Litsky 10t , however, who investigated the activity of propylene 
oxide vapour against various sponng and non-sporing organisms, 
reported the reverse effect Of the organisms tested (see table 3 for 
a summary), B.subtihs spores were the most resistant, whereas 
B stearothermophilus spores were less resistant than certain 
non-spormg organisms 

Table 3. Bactericidal activity of propylene oxide vapour 
{after Himmelfarb et a/ 10 ’) 

Organism Approximate D-values (mins) at rh (%) of 



1 

52 

65 

80 

98 

Ecoli 

24 

10 

6 



Ps aeruginosa 

19 

8 


12 


S aureus 

155 

59 

18 

8 

StrepL faecahs 

110 

25 

8 

8 

15 

B stearothermophilus 

112 

50 

31 

22 

B subtihs 

974 

357 

117 

63 

54 

£-Propiolactone 

(BPL) Curran and 

Evans 102 showed tl 


p-propiolactone rapidly killed resistant bacterial spores in water, 
CH 2 CH 2 

I I 

o CO 

milk and nutnent broth Its sporicidal activity was greatly en- 
hanced by increases in temperature BPL is a colourless liquid at 
room temperatures; in its vapour-phase it is more active as a 
bactericide than ethylene oxide, and requires a rh of 75 per cent, 
in aqueous solutions, BPL hydrolyses to products which are not 
bactericidal (Extra Pharmacopoeia, Supplement 1961, p 81} 


IRRADIATION 

Bactenal spores are more resistant to ionising radiations than 
are vegetative cells (Summer 103 ; Powell 10 , 104 ; Powell and 
Bndges 105 ). Powell 104 pointed out that micro-organisms showed 
a wide range of susceptibility to ionising radiations, and that 
rapidly developing cells were highly sensitive, this means that 
spores will thus be more resistant than vegetative bacteria 
Although this type of response is similar to susceptibility to heat, 
there is apparently no relationship between heat- resistance and 
radiation-resistance, eg B stearothermophilus is highly resistant 
to moist heat but only fairly resistant to radiation The radiation- 
sensitivity of vanous bacteria is shown m table 4, which has been 
consttucted from the data of Powell 10 , 104 and Darmady et a/ 106 . 


Table 4. Lethal doses of ionising radiations 


Organism 
S aureus 


Ps.pyocy*nea 
£c oti 

B.stearothermopMus 
B pumitis 
Ci.wekhk 
CLbotuBmm 


Dose (Mrads} to kill 
0 1-05 
01-05 
05-1 0 

1 CM S or 1 0^-2 0 
1 5-2 5 
1 5-2 5 
About 4 5 


B.pumUis is among the most resistant of aerobic spore -formers 
to radiation, and is now used for checking sterilisation (Powell 10 , 
Lay and TaMentire 9 ). At 2.5 Mrads, an inactivation factor (IF) of 
10 to to 10 12 is obtained, although Fuld, Proctor and Goldblith 107 
found that with Cteporogenes an IF of only 10 7 was obtained at 
this dose. However, the results of Darmady et a/ 106 indicated that 


a dose of 2 5 Mrads was adequate for providing complete safety, 
which agreed with the conclusions of Artandi and van Winkle 108 ' 

Another resistant organism which warrants attention is 
Cl botuhnum, the elimination of which is essential if foods are 
to be satisfactorily sterilised by irradiation (Schmidt 109 ). Clouston 
and Sangster 110 have stated that for those foods where this 
organism is a ha2ard, an IF of 10 1 2 is necessary They also state 
that doses as high as 4 5 Mrads may be required for adequate 
security 

Powell 10 has criticised the tendency to calculate theoretically 
from D-values what IFs would be obtained from a particular dose, 
since, as shown under 'Heat' the number obtained would be true 
only if the line were perfectly straight and went through the 
origin 

Dow 1 1 1 investigated the effect of gamma-radiation at various 
doses up to 2 Mrads on 3,500 dressings infected with B subti/is 
spores at numbers ranging from 10 2 to 10 s spores in multiples of 
1 0, and showed that with 2 Mrads there was a reduction in viable 
count of approximately 8 decades Hunter 112 included filter 
paper strips of B pumi/is in disposable hypodermic syringes 
which were then exposed to gamma-radiation of 2 5 Mrads, and 
found that there was no rejection of syringes due to faulty sterilisa- 
tion These two examples provide illustrations of the medical and 
pharmaceutical applications of irradiation sterilisation, certain 
surgical dressings are listed by the 'British Pharmaceutical Codex 
(1963)' as being sterilised by this method, and the 'British 
Pharmacopoeia' (1 963) includes ionising radiations as one method 
for sterilising powders 

Powers and co-workers (Powers, Webb and Ehret 113 , Powers, 
Webb and Kaleta 114 ) showed that the sensitivity of bacterial 
spores to 7- and x-radiation was greater when spores were 
irradiated in oxygen than in its absence (anoxic condition) A 
similar response has been noted by other workers (Tallentire and 
Davis 115 , Tallentire and Dickinson 116 , Burt and Ley 117 , Ley and 
Tallentire 9 ) Burt and Ley 117 , for example, showed that the D- 
value of spores of B pumihs E 601 suspended in phosphate buffer, 
and irradiated under anoxic conditions was 0 306 Mrads, 
whereas spores aerated during irradiation had a D-value of 0 175 
Mrads 

Tallentire and Davis 115 described experiments in which 
damage, induced m spores by irradiation in oxygen, increased 
after irradiation In their experiments, very dry B subt/hs spores 
irradiated in oxygen and subsequently stored under oxygen died 
during this post-treatment storage, whereas spores irradiated 
under reduced pressure did not die off during post-irradiation 
storage under reduced pressure. Thus, the presence of oxygen 
after irradiation increased the lethal damage caused by energy 
absorption (Tallentire and Dickinson 116 ) Powers et a/ 113 , 114 have 
demonstrated that post-irradiation treatments influenced the 
survival of organisms x-irradiated anoxtcally Further work on the 
post-irradiation effect of oxygen was carried out by Tallentire and 
Dickinson 116 samples of kaolin powder contaminated with 
B subti/is spores were irradiated under vacuum at 22°C and then 
stored in controlled gaseous atmospheres at 25°C Colony counts 
were made at intervals, and the slopes of dose/survivor curves 
were estimated from . 

surviving fraction = e-kD 

where k is the slope, D the dose in Krad (see also Ley and 
Tallentire 9 , under Section 1, 'Mathematical considerations'). The 
higher the value of k, the greater is the lethal effect The highest 
value of k (0.045 Krad- 1 ) was obtained with post-irradiation 
storage of spores in oxygen for 48 hours, and the lowest value of 
k (0.01 Krad -1 ) with identical oxygen treatment but preceded by 
exposure to nitric oxide for 1 5 minutes. Tallentire and Dickinson 1 1 6 
also found that the development of the post-irradiation oxygen 
effect could be arrested by removing the oxygen, but could be 
restarted by readmitting oxygen to the dried spore system On the 
other hand, treatment with nitric oxide between exposures to 
oxygen prevented further development of the oxygen effect 

Proctor, Goldblith, Oberle and Miller 118 irradiated B subti/is 
6051 under different conditions, and found that the mean 
inactivation dose was affected by the irradiation atmosphere and 
the substrate More recently Burt and Ley 1 1 7 attempted to simulate 
conditions met tn practice by comparing the resistance to gamma 
radiation of spores of B.pum/fts strain E 601 dried in air from 
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various media on to several insoluble supporting substances 
(glass. Perspex, polystyrene, aluminium or stainless steel) or one 
soluble surface in the form of polyvinyl alcohol film, with that of 
B pumif/s spores suspended in nutrient broth or in buffer solution 
under both aerated and anoxic conditions The radiation resistance 
of air-dried spores was found to be more or less independent of 
the media from which they were dried, and was only influenced 
when the supporting medium was soluble (/e by polyvinyl 
alcohol) when higher D-values, in Mrads, were obtained, this 
effect is probably due to local anoxic conditions with the spores 
being trapped in the film during drying since (as stated earlier) 
the D-value of the organism irradiated under anoxic conditions m 
buffer was much higher than that obtained when the spores were 
aerated during irradiation in buffer Burt and Ley 119 subsequently 
compared the effect on spores of B pumihs E 601 of radiation 
doses given in fractions at various storage intervals, with doses 
delivered continuously There was no significant difference 
between the D -values obtained using various treatments. 

The nature of bacterial inactivation by radiation has been 
discussed by Thornley 120 Increased resistance to radiation 
during sporulation of B cereus was found to parallel an increase 
in cystine-rich compounds (Vintner 121 ) which occurred in the 
spore coat, and which may act as protective agents 

CONCLUSIONS AND SUMMARY 

This paper has attempted to describe the resistance of bacteria 
spores to various chemical and physical agents. Spores which are 
highly resistant to one process are not necessarily insensitive to 
another process 

The detailed applications to medicine and pharmacy of the 
various sterilisation processes and chemical disinfectants listed 
have not been discussed, since it is felt that these are outside the 
scope of the present article, and the interested reader is referred 
to the recent summary by Kelsey 122 on 'Sterilisation and Disinfec- 
tion Techniques and Equipment' 
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Detergent/Iodine Systems 
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tions would minimize misunder- 
standings. 

Total Iodine* The iodine 
value that is obtained after an ox- 
idative procedure such as oxygen 
combustion (5) or treatment wiih 
concentrated nitric acid in a Canus 
tube (6). This is the true total 
amount and includes all forms of 
iodine. Ordinarily , this is the same 
as the actual formula iodine, since 
iodine vaporization losses dunng 
manufacture are usually negligible. 


I T is now almost 20 years since 
the value of polyvinylpyrroli- 
done as a detoxifying agent was 
first documented in the United 
States (1), and since polyvinylpyr- 
rolidone and, subsequently, nonyl- 
phenol ethoxylates were document- 
ed as of value in reducing the toxi- 
city of iodine and for the purpose 
of formulating high dilution iodine 
products (2,3,4) The importance 
of the iodine complexing involved 
has been little understood either by 
the industry or by the regulatory 
agencies. As will be demonstrated 
later in diis report, inadequate 
complexing in commercial prod- 
ucts can result in a significant drop 
in iodine levels. Our laboratory has 
concluded analytical examination 
of over 100 commercial brands of 
iodine disinfectants Less than 50% 
met their label guarantee for avail- 
able iodine as received, and only 
approximately one half of those 
met the guarantee after two weeks 
storage at 50°C., i.e M simulating 
what may be expected of normal 
shelf life. Most of these deficiencies 
could be traced to formulation 
with unstable concentrates. 

In the early development of 
this complexed iodine field, many 
workers literally depended on their 
noses and on the starch-iodine test 
for measuring differences m iodine 
complexing between one class of 
complexing agents and another 
Neither of these methods is satis- 
factory, and some early workeis, 
failing to notice an iodine odor or 
failing to recognize that ceitain 
polymer or detergent concentra- 
tions interfered with the starcli-io- 


* Paper presented during 53rd midyear 
meeting, Chemkal Specialties Manufacturers 
Association. Chicago, May 16. 1967 


dme test, believed they had the ul- 
timate in iodine complexation In 
reality, the degree of iodine com- 
plexmg can vary bv several orders 
of magnitude without necessarily 
being discernible by either of these 
tests The degree of iodine com- 
plexing and the manufacturing 
methods are important considera- 
tions m product formulation for 
the following reasons- 

(1) The more complexed the 
iodine, the more shelf stable 
the product 

(2) The more complexed the 
iodine, the less resistance 
from new users on the basis 
of odor. 

(3) Highly complexed iodine is 
essentially non-irritating to 
the skm and can therefore 
be handled by less skilled 
personnel 

(4) Freedom from unknown, 
undesirable lodinated deter- 
gents and detergent frag- 
ments 

(5) Highly complexed iodine 
products are substantially 
free of the corrosive effects 
characterizing equivalent 
free iodine concentrations 

Definitions 

In order to clarify what is 
meant by the various terms used 
m the 'field, the following defini- 
tions aie proposed. It is thought 
that the adoption of these defini- 


Volhard Iodine The iodine 
value that is obtained by treating 
the composition with a reducing 
agent such as sulfite, and then ti- 
trating by the Volhard piocedure 
This has been called “total iodine ,” 
but this designation is incorrect 
and misleading since it fails to take 
into account iodine m some sam- 
ples oi products which has f aimed 
carbon-iodine bonds The Volhard 
piocedure determines the element- 
al iodine plus inorganic iodine 
content Other halides inteiferc 
with this analysis 

Available Iodine: The io- 
dine value that is obtained by di- 
lect titration with thiosulfate 
This value is frequently teimcd 
‘ titratable “ 01 " titrable ” iodine, 
but this term is not pie fcired since 
othei iodine analyses involve titia- 
tions. 

Complexed Iodine That 
poition of the available iodine 
which is bound by detergent and 
iodide and is directly titiatablc 
with thiosulfate. 

Fiee Iodine [L] or uncom- 
plexed iodine. That poition of 
the available iodine which is not 
complexed This value can best 
be detei mined by distribution of 
iodine between the aqueous ( prod- 
uct ) phase and an or genu solvent 
such as heptane. The D C proced- 
ure given m this report <an be used 
to detei mine the free iodine. 


Importance of Iodine complexing little understood 
by either industry or regulatory agencies. Inad- 
equate complexing in commercial products can result 
in significant drop in iodine levels, authors say. 
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Previous publications (7,8,9) 
dealing with detergent-iodine for- 
mulations described the usual pro- 
cedure for making such concen- 
trates, chat is, heating the mixture 
for several hours during which time 
the iodine dissolves and reacts with 
the detergent. After such proces- 
sing (Table 1) the concentrate 
may be analyzed for available io- 
dine by direct thiosulfate titration, 
and for available iodine and iodide 
by the conventional Volhard meth- 
od. Using this procedure with 
ethoxylated alkylphenols we found 
that the Volhard iodine Content 
was consistently lower than the for- 
mula amount. Furthermore, on 
storage at room temperature (and 
more rapidly at 100° or 120°F) 
the Volhard iodine continued to 
drop, along with the available io- 
dine. We checked this result by 
analyzing laboratory and commer- 
cial samples for total iodine by 
oxygen combustion and found that 
the anticipated formula amount of 
iodine was indeed present. This 
proved that there was a significant 
amount of iodinated detergent or 
iodinated detergent fragments. 
Products made from cooked con- 
centrates having limited shelf lives 
likewise had limited shelf lives un- 
less considerable “overages” were 
used in making the product. 

In other experiments, 
(Table 2) controls were prepared 
in which elemental iodine was dis- 
solved in an iodide solution (46% 
aqueous hydriodic acid) and added 
to the detergent with stirring but 
without heating, i.e., cold. We 


found that regardless of detergent 
type, these “cold process” concen- 
trates did not develop any mea- 
surable amounts of iodinated de- 
tergents; that is they showed es- 
sentially no loss of total iodine or 
available iodine even after storage 
for several weeks at 50° C. The 
cold process was obviously the 
method of choice The improved 
stability and quality of the con- 
centrate and resultant products 
dictates the use of the more expen- 
sive iodide. Unless the iodide is 
put in to begin with, elemental 
iodine will react with detergent in 
varying ways to form both carbon- 
iodine bonds and iodide As the 
iodide accumulates, the reaction 
slows down, but not before a con- 
siderable amount of iodine has 
been “lost” in reacting with the de- 
tergents and in some cases frag- 
menting the detergent In the ab- 
sence of added iodide, the iodine 
will continue to react with the de- 
tergent in the manner described 
above at room temperature and in 
aqueous products made from con- 
centrates The relative amounts of 
carbon-iodine and iodide that form 
cannot be predicted easily; it is 
best to prevent unnecessary chemi- 
cal reaction by adding iodide dur- 
ing the manufacturing process. 


ally free Iodine, [I,], m a deter- 
gent-iodine solution, but failed to 
take into consideration the effect 
of iodide on the measurements, and 
the disadvantage in working with 
petrolatum Our method is based 
on the familiar physical chemistry 
relationship that the distribution 
of a common solute such as iodine 
between two mutually imm iscible 
solvents (heptane and aqueous 
complexer in this case) is a repro- 
ducible characteristic for the sol- 
ute and solvents involved at a spe- 
cified temperature. For "ideal” 
solutions, and where the amount 
of solute used is small compared 
with its maximum solubility, the 
ratio of concentration of solute in 
the solvents is a constant, inde- 
pendent of the relative amounts of 
solvent or the amount of solute. 
Although the iodine solutions with 
which we are concerned do not 
properly fall into the “ideal” class, 
they are sufficiently dose to this 
goal to give physical meaning to 
the distribution values obtained. 
Iodine distributes between the hep- 
tane and aqueous detergent phase 
in a ratio of about 30 to 1. The 
qualitative relationship between 
the detergent, iodine and iodide 
can be represented by equation 1. 

Equation 1 


x Detergent + [I a ]-f y I'?* [Detergentx*I 2 *I>] 


The extra iodide was found 
to exert a profound effect on io- 
dine complexing (10, 11). The 
problem was to measure the differ- 
ences accurately Previous investi- 
gators (12) used petrolatum equili- 
bration for the purpose of measur- 
ing the amount of thermodynamic- 


The subscripts x and y are used 
because the molar relationships be- 
tween the detergent, iodine and 
iodide may vary according to de- 
tergent type. In the case of a prod- 
uct containing about 15% deter- 
gent (nonylphenol -{- 10 EO) , 
1.75% Ij, and 0.75% I-, the equili- 


Table 1 . Cooked Iodine Concentrates 


Table 2. Cold Process Iodine Concentrates 


Cooked Concentrate* Formula 

Total \ 

folhard 

Available 




% Iodine by Analysis 

3) WL 2958 immediatoly 




Cold Process Concentrate* 

Formula 

Total 

Voftiard 

Available 

aftor prepn. 28 0 

28 0 

24 74 

21.21 

a) 

West Concentrate 20S 

28.1 

28.2 

28.0 

21 00 

b) WL 2958 after 2 wks*. 




b) 

Above Cone after 2 





storage # 50°C. 28 0 

28.0 

23 85 

18.94 


wks. 9 50°C 

28.1 

28.2 

28.1 

21.05 

c) Commercial ‘‘cooked’ * 




e) 

West Clean Front 





Product A — 

27.5 

25.08 

20.70 


Concentrate 

29.0 

29.0 

29.0 

21.45 

d) Product B, ^ 2 years 




d) 

Above Cone after 2 





aftor manuf. — 

28 3 

22.90 

18.5 5 


wks. 9 50°C 

Above Cone, offer 5 
months 9 roam temp. 

29.0 

29.0 

29.0 

21.40 

a) Laboratory batch of ethoxylated nonylphenol 
50°C with 28% elemental iodine, 
c) Fresh commercial 20% available iodine product. 

cooked 4 hrt <f ? 

Formula iodine not 

c) 

29.0 

29.0 

29.0 

21.41 


d) Commercial 20% available iodine aampie stored close to 2 years at 
room temperature. Not analysed originally. 


a) Formula baaed on ethoxylated nonylphenol. 
e) Formula based on ethoxylated linear nonylphenol. 
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Table 3 


Table 4 


% Ethoxyiated 

Nonylpfcenol Distribution Coifflcitnts 

(10-11 fOl (At indicated Percent T“) 

ewtTlg 02 1- 041— 0.65 1“ 0.90 1“ 1.40 l~ 

5 1.0 25 38 53 68 - 

10 „ 1.0 40 TOO 193 310 478 

15 1.0 60 190 526 1,250 2,162 

20 1.0 75 204 1,210 4,350 6,300 


Distribution Coefficient* 
(with indicated detergents*) 


Percent 

Deterg. 

Percent 

Iodine 

Percent 

Iodide 

L62 

P65 

P85 

10.6 

1.1 

0.45 

166 

117 

123 

10.6 

1.1 

0.65 

292 

212 

253 

10# 

T.t 

0 95 

572 

377 

480 


* Polyethoxypolypropaxypolyethoxy ethanol 


1 00 ml of standardized test solution 
containing between 0.05 and 5.0% 
iodine to a 50 ml graduated cylin- 
der containing 25 mis purified n- 
heptane. The temperature of the 
heptane is brought to 25 ±1°C. 

The cylinder is stoppered and shak- 
en rigorously by hand for one min- 
ute during which time the aqueous 
solution suspends in the heptane as 
a uniform haze The solution is 
then allowed to stand a minute or 
two, and the temperature adjust- 
ment and shaking are repeated. 

For best results the solution should 
settle for an hour before the iodine 
determination. 

The amount of iodine m the 
heptane layer is determined colori- 
metncally at 520 m/i, the absorp- 
tion peak; the relationship between 
light absorption and iodine con- 
centration in this solvent is linear 
throughout the range of one to 25 
mg per 100 mis. The distribution 
coefficient is calculated by the fol- 
lowing formula: 

.. mg I remaining in aq. phase v mis heptane 

D.C,. =s=s _ A 

mg I in heptane mis aq phase 


heptane Values so obtained are 
readily reproducible to within 
10% and frequently to within 1%. 

The D.C. as defined here 
parallels iodine complexing in that 
the greater the complexing, the 
higher the D.C number. For a 
given available iodine concentra- 
tion the D.C. values are depend- 
ent upon the iodide and detergent 
levels. Simple regulation of these 
factors can result m a thousand- 
fold or more difference in complex- 
ing as shown in Table 3. “Cooked” 
iodine products characteristically 
contain only from 0 2 to 0.3 parts 
of iodide for every one part of ti- 
tratable iodine. 

Table 4 shows the D.C. val- 
ues for some additional detergents 
at different iodide levels. Table 5 
shows the effect of changing the de- 
tergent concentration at constant 
iodide content. 

Dilutions of Complexes! Iodine Products 

A satisfactorily complexed 
iodine product is one which is 


brium lies far to the right The 
measurement of the complexing is 
described below The fact that the 
equilibrium lies far to the right 
does not prevent titration of the 
elemental iodine component by 
thiosulfate since dissociation is 
rapid. The uncomplexed, thermo- 
dynamically free iodine, [I*], 
which is on the left side of the 
equation is the portion of the io- 
dine which is free to vaporize, ir- 
ritate, react with starch, etc This 
alone is the iodine component 
which will equilibrate with the 
heptane layer. Since the small 
amount of iodine present as [I 2 ] is 
increased 30-fold in the heptane 
layer, it can be determined with a 
high degree of accuracy In poorly 
complexed systems a considerable 
amount of iodine is extracted into 
the solvent thereby changing the 
iodine concentration in the aque- 
ous phase. On the other hand, 
highly complexed systems are hard- 
ly extracted. Visually, a 1.75% io- 
dine product can give results 
ranging from a dark purple heptane 
phase (a relatively uncomplexed 
iodine product) to a colorless hep- 
tane phase (a highly complexed 
iodine product) . For analytical 
purposes the iodine in the solvent 
phase is determined spectrophoto- 
metrically. 


Using the Beckman DU spectro- 
photometer with 1.00 cm cells, an 
absorption of 0.142 corresponds to 
1.00 mg iodine extracted by 25 mis 


characterized by a D.C. number in 
the range of about 150 to 300 for 
1.75% available iodine content. 
When such a product is diluted in 


The Method 

The distribution coefficient 
(D.C) is determined by adding 

Table 5 


Distribution Coefficients 


Percent Percent Percent (with indicated detergents*) 


Deter*. 

Iodine 

Iodide 

L62 

P65 

P85 

81 

14 

0.45 

119 

90 

90 

10.6 

1.1 

0.45 

166 

117 

123 

15.6 

T.l 

0.45 

265 

182 

205 


* Pobr«thoxrpoiyprop<ncTT>alyetbQxreth*nol 


Table 6. Relative Color of Different Detergent Iodine 
Compositions at 25, 12 Vs, and 6 ppm Iodine 


Relative Color 
(Absorbanco units) 

Peak 




25 ppm 

12 Vs ppm 

6 ppm 

Position 
• 25 ppm 

a) 

Ethoxyiated 

alkyiphenol 

.660 

160 

.025 

3SS 

mu 

b) 

Ethoxyiated 
linear alcohol 

.820 

.300 

.105 

390 m fi 


&> Ethoxyiated nonylphenol (10-11 E0) 
b) Octadecyl alcohol + 20 EO 
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water, the complex dissociates — 
i.e. the equilibrium m Equation 1 
is shifted to the left, so that the 
free iodine increases at the expense 
of complexed iodine At recom- 
mended use dilution iodine con- 
centrations of 25-75 ppm available 
iodine, practically all of the iodine 
is free (90-100%) , thereby insuring 
rapid germicidal action It is pos- 
sible to complex iodine so 
thoroughly that such dilutions con- 
tain mostly complexed iodine, 
(10, 11) but this would not neces- 
sarily be desirable for a detergent- 
sanitizer. Extremely complexed 
iodine solutions of the latter type 
are useful in certain pharmaceuti- 
cal (11, 13) or prolonged contact 
situations where skin irritation and 
loss of iodine must be kept to a 
minimum 

It is well known that one of 
the main advantages of detergent- 
iodine products is the visual indi- 
cation of the presence of iodine, 
hence germicidal activity, at the 
high use dilutions employed in the 
field Commonly recommended di- 
lutions call for 25-75 ppm available 
iodine. At these concentrations 
most detergents appear to be equiv- 
alent, since there is an adequate 
yellow to amber coloration Io- 
dine is an effective germicide at 
concentrations much below 25 ppm, 
but the visual indicator property 
falls off rapidly below this point 
At 12i/ 2 ppm concentration, dif- 
ferent detergents may behave dif- 
ferently. However, outstanding io- 
dine colors can be obtained with 
certain ethoxylated linear alcohols, 
with which iodine concentrations 


of 6 ppm or even lower can be 
seen At these iodine levels, some 
detergents rival starch as an iodine 
indicator. 

For the purpose of illustra- 
tion, two compositions are report- 
ed, m which the detergent/avail- 
able iodine/iodide ratio was 10/1/ 
0 4 These samples were diluted 
to provide aqueous concentrations 
of 25, 12i/ 2 , and 6 ppm and the 
color of the solution was read at 
the absorption peak in a 1 cm cell 
on a Beckman spectrophotometer 
The absorbance readings and ab- 
sorption peak are shown in Table 
6 These readings are essentially 
proportional to the relative amount 
of color that the eye can see, i.e, 
the color which cames over into 
the visible region starting at 400 

m fi 

Summary 

Iodine concentrates and 
products are now manufactured by 
a "cold process” m which a solu- 
tion of iodine and iodide are added 
to unheated detergent Products 
prepared by this process are ex- 
tremely stable with respect to avail- 
able iodine content and are unique 
m that essentially no organic car- 
bon-iodine bonded fragments are 
formed. The addition of iodide 
has a profound effect on detergent- 
iodine complexing A practical 
method for determining the degree 
of complexing by means of distri- 
bution coefficient (D.C) has been 
developed. Certain nomomc deter- 
gents intensify iodine color at con- 


centrations below 10 ppm, rival- 
ling starch as an iodine indicator 
Analytical differentiation of “Total 
Iodine,’’ “Volhard Iodine” and 
"Available Iodine" as described m 
this paper can serve as a guide for 
better manufacturing methods, as 
well as for better regulatory en- 
forcement. 
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classical 

and 

modern methods 

of 

ANTIMICROBIAL 

TREATMENT 


by Kurt Steiger-Trippi 


► I WOULD LIKE TO MENTION BRIEFLY THE CLASSICAL 

sterilization methods even though my audience consists 
of hospital pharmacists who, routinely, as well as in 
the course of research, deal with sterilization problems. 

We will find ourselves dealing in conflicting terms if 
we are confined to the generally recog nized definition 

Kurt Steiger-Trippi, Ph.D. was formerly Director of 
Pharmacy Service at the Canton’s Hospital and Pro- 
fessor of Pharmacy at the Swiss Federal Institute of 
Technology in Zurich, He is now with J. R. Geigy 
A.G , Basle, Switzerland. 


. Presented at the Section of Hospital Pharmacists, FSdera- 
b< SJr^5 t ! onaIe Pharmaceubque, Vienna, September 1962 

• «• 1640 


of “sterilization methods” and discuss under this key- 
word procedures which do not necessarily lead to 
sterility. “Sterile,” as you know, means: free of all liv- 
ing microorganisms. The emphasis is placed on “all.” 
Therefore, a sterilization method must destroy vegeta- 
tive microorganisms, spores, fungi, viruses as well as 
larger organisms like trichinae, plasmodia, etc. 

It has been known for decades that certain soil spores 
can survive treatment with live steam for 10 and more 
hours, or that viruses frequently pass through ordinary 
bacterial filters, eg. the Jena G5-suction filters or the 
asbestos-cellulose sterilization filters Thus, such meth- 
ods should not be designated as “sterilization metho ds. ” 
The Austrian Pharmacopoeia IX employs the expres- 
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sion “Entkeimung”*’ and the Swiss Pharmacopoeia 
will use m the future the term “antimicrobial treat- 
ment” instead of the misleading concept “sterilization 
method” As a matter of fact, theie is actually, with 
the exception of combustion, no procedure which 
guaiantees the destruction of all microorganisms Un- 
til recently, the treatment of objects with saturated 
steam at 120°C for 15-20 minutes was also considered 
as classical, effective sterilization. Kurzweil 1 reported 
m 1957 on extremeh theimoresistant spores which 
were resistant to steam at 100°C for 8 days and which 
required for killing autoclave treatment at 120°C for 
30-40 minutes, or at 134°C for 2-3 minutes Recency, 
there was even a report on actmomycetes which could 
be destroyed only after 15-20 minutes exposure to 
saturated steam at 140°C 2 Perhaps tomorrow an even 
more resistant microorganism will be found The 
change in terminology from “sterilization methods” to 
“Entkeimung”** or to “antimicrobial treatment” is, 
therefore, justified Professor Fust proposed the fol- 
lowing definition for the Pharmacopoeia Helvetica VI : 

By antimicrobial treatment is understood the use of pro- 
cedures whose purpose is to free drugs, materials or utensils 
from microorganisms 

If you, as hospital pharmacists, would consider the 
antimicrobial treatment methods, then, contrary to the 
research bacteriologist, you would not only give your 
attention to a procedure which shows the greatest pos- 
sible power of destruction, but for the purpose of 
evaluation, you would also have to take other criteria 
into account. 

Criteria for Evaluation of Antimicrobial 
Treatment Methods 

1. Antimicrobial effect, 

2. Influence on the chemical and physical stability of 
the material to be sterilized. 

# This expression cannot be translated (verbal translation: 
de-gennination) . 

**In the following the term is translated as antimicrobial 
treatment. 

12 


3 Is it possible to cany out the method on the 
finished, packaged form of the preparation ( ampul, 
tube, dusting can, etc.)? 

4. Economy. 

5 Health hazards for the personnel 

If these criteria were not important, then we could 
employ effective, true sterilization methods: Dry 
heating until complete charring, or heating in satu- 
rated steam at 150°C for 30 minutes Since, however, 
practically all pharmaceutical active ingredients from 
glucose to the enzymes, are thermolabile, we have to 
depend on antimicrobial procedures which provide the 
greatest safety with regard to the microbial aspect and 
at the same time cause the least damage to the prepara- 
tion. 

The Austrian Pharmacopoeia IX, 1960 takes into 
account the high thermoresistance of spores Thus, it 
specifies, for example, as the antimicrobial treatment 
for thermostable infusion solutions, heating in saturated 
vapor at 140°C for 20 minutes The question arises 
immediately as to whether the other criteria men- 
tioned w ere also taken into consideration Undoubtedly, 
one intends with such a provision to guarantee the pa- 
tient greater safety against infections caused by injec- 
tions and infusions In order to determine the neces- 
sity of increased safety, the question has to be answered 
if at any time and anywhere, infections from injections 
or infusions occurred because these preparations were 
contaminated in spite of correct manufacturing and 
autoclave treatment . If such cases can be cited, then 
this would call for more rigorous antimicrobial treat- 
ment and all economic considerations must take sec- 
ond place However, if there are no such cases, then 
treatment at 140°C for 20 minutes is of rather theoreti- 
cal interest and those in authority will have to decide 
on the following: 

— if the possibility of the dissolution of components 
from stoppers used on infusion and multiple dose con- 
tainers, and 

—if the considerable financial expenditure required 
by this modem antibacterial treatment, and 

— if the provision to treat sodium chloride infusion 
solutions more rigorously than glucose solutions, etc., 
are in correct proportion to the gain in safety for the 
patient after long experience has demonstrated that 
aqueous solutions for injection and infusion which wore 
correctly prepared and autoclaved at 120°C for 20 
minutes were never contaminated. Furthermore, one 
should not disregard the fact that the best anti- 
microbial treatment becomes illusive if the solution, fol- 
lowing the treatment, flows through less well treated 
tubing since such infusion tubings usually are fairly 
heat sensitive and, therefore, will not be exposed to a 
temperature of 140°C. 

Since the highly resistant microorganisms are 
apathogenic, the Pharmacopoeia Helvetica VI pro- 
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poses for antimicrobial treatment an exposure to 135°C 
for 3 minutes This is onh a possible method, i e the 
manufacturer of infusion solutions is not bound to 
this particular method Apparent!}, the Swiss Federal 
Pharmacopoeia Commission considers autoclave treat- 
ment for 20 minutes at 120°C sufficient^ safe because 
it exempts the manufacturer b\ its soon to be adopted 
regulations from earning out sterility tests if the manu- 
facturer can prove, bv means of automatic tempera- 
ture recording devices, that the coldest point in the 
product was indeed kept at 120°C for 20 nrnutes 

A heating period of 20 minutes at 140°C destroys, at 
least to some extent, manv of the most commonh used 
active ingredients Personally, I am convinced that 
primary attention has to be given to the preservation 
of the active ingredient because the risk of non-sterility 
after autoclaving for 20 minutes at 120°C drops to zero 
if proper techniques in the manufacture of the infu- 
sion solutions are employed. 

In these typical pharmaceutical research and de- 
velopment problems, only the close teamwork of the 
bacteriologist, the analyst, the physician and the busi- 
nessman with the research pharmacist can lead to their 
successful conclusion. Certain special problems will 
require consultation with the engineer and, possibly, 
with the physicist 

Classical Methods of Antimicrobial Treatment 

Tightly-sealed, dry containers cannot be sterilized 
bv autoclaving at 120°C for 15 minutes since the steam 
vapor just does not reach the microorganisms If there 
is no water present in the container, then this treat- 
ment is essentially dry heating at 120°C for 15 min- 
utes The same holds true for substances which are not 
miscible with water, such as camphorated oil and 
petrolatum These are well known facts. But what is 
the situation in the case of substances and objects into 
which the vapor, by overcoming a certain resistance, 
can penetrate only with difficulty? 

Antimicrobial Treatment of Equipment 

Doctor Flury, 3 one of my co-workers, has for years 
investigated experimentally the success of antimicrobial 
treatment of equipment by autoclaving. This work 
was carried out in the Pharmacy Department at the 
Hospital of the Canton of St. Gall as well as in the 
Galenical Department of the School of Pharmacy at 
the Swiss Federal Institute of Technology (Eidg. 
Techn. Hochschule, Zurich), The items were smeared 
either directly with soil which contained spores (vapor 
resistance more than 12 hours), or the soil containing 
the spores was placed in amounts of 50 mg into gauze 
pouches and then transferred into the equipment. The 
sterility test was carried out with thioglycoliate broth. 
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Figure 1 Graduated cylinders (height 30 cm) with pouches 
placed at different levels. Cover parchment paper The pouches , 
at the bottom, m contrast to the upper ones , do not become 
sterile by autoclaving 


Graduated Cylinders 

Gauze pouches, each filled with 50 mg. of soil which 
contained spores, were autoclaved in regular 250 ml 
graduated cylinders 30 cm in height which were cov- 
ered with ordinary parchment paper (Fig. 1). 

In dry, upright cylinders, the spores in the lower 
layers were not killed, whereas sterility was achieved in 
the middle and top layers. Pre-evacuation of the auto- 
clave down to 65 mm. Hg did not suffice to induce 
sterility If, however, 2 ml of water were placed in 
the cylinders or if the cylinders were placed upside- 
down to allow the escape of the warmed air, and the 
rising of the vapor in the cylinder, then perfect sterili- 
zation was achieved. The upper pouches were sterile in 
each instance (Fig. 1 ) . 

Ophthalmic Solution Bottles 

Since today ophthalmic solutions are only dispensed 
if they are sterile and contain a preservative, each 
pharmacy keeps a supply of sterile dropper bottles. 
The question arises: Do we reach positive sterility in- 
side the containers with autoclave treatment at 120°C 
for 15 to 20 minutes? Certainly not if we use closed, 
dry bottles. However, if we take each bottle apart so 
that the steam comes in contact with all parts, then we 
will obtain sterility 

Positive sterility was reached for type A bottles when 
the pre-evacuation autoclave method was used. With- 
out pre-evacuation the steam cannot penetrate through 

13 
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Figure 2 Contaminated dropper bottles taken apart The dots 
show the spots of contamination (soil spores) For type A 
bottles, the bulb does not become sterile by autoclaving without 
pre -evacuation For type B bottles, no pre-evacuation of the 
autoclave is necessary if parts are properly cleaned 


the pipette and up into the rubber bulb Therefore 
this tvpe of dopper bottle definitely requires pre-e\ ac- 
uation Positue sterility for t\pe B bottles can be 
achie\ ed b\ autoclav mg \\ ithout pre-eyacuation if the 
individual parts are properly cleaned (Fig 2) 


Hypodermic Syringes 

Assembled syringes are so inaccessible to gas per- 
meation that autoclaving without pre-evacuation is 
only a symbolic action and definitely is not steriliza- 
tion Here, the best procedure is still the dry heat 
method for 2 hours at 160°C or 30 minutes at 180°C 
which, however, calls for a syringe made of high quali- 
ty material. 


Bacterial Filtration Apparatus 

A dry, readily assembled bacterial filtration appara- 
tus (Fig. 3) cannot be sterilized in the autoclave by 
the ordinary method either with or without pre-evac- 
uation. 

Since the saturated steam under pressure reaches 
only insufficiently the comers and angles inside the 
container, even if the tube clamp is removed, the vapor 
has to be generated within the vessel. It is sufficient if 
a little over 0 1 percent of the interior space is filled 
with water and if the air, which is heavier than the 
water vapor, is permitted to escape in order to obtain 
sufficient vapor concentration (one kilogram water 
yields at 120°C approximately 891 liters of steam). 

14 




was 


Figure 3 Bacterial filtration apparatus with pouches filled with 
soil which contained spores (No 1 to 10) Parchment paper 
covered suction filter The spores at contamination positions 
3,4Ji,6 r 7, and 8 are not sufficiently reached by the autoclave 
steam and are not positively destroyed. 


As a simple rule for the antimicrobial treatment of 
such complicated equipment, the following should be 
valid Thorough cleaning of the equipment, leaving 
inside and outside completely wet, to be followed im- 
mediately bv autoclaving. 


Infusion Sets 

The positive successful antimicrobial treatment of 
infusion sets with heat still represents an unsolved prob- 
lem. Not only is the lumen of the tubings and needles, 
etc , too small to allow for free steam flow but also the 
tubing material is too thermolabile to tolerate effec- 
tive sterilization temperatures. Unfortunately, even 
pre-evacuation is not sufficient in cases of heavy con- 
tamination. 

For these tests, the soil which contained spores was 
triturated with tragacanth mucilage which was then 
smeared on a strong thread and dried at 105 °C for 2 
hours. The thread was then passed into the tubings. 
The assembled sets were wrapped into commonly used 
sterilization doth and exposed to saturated vapor at 
120°C for 20 minutes. The contamination spots 1, 2, 3, 
8, and 9 as well as the control soil sample 10 were 
sterilized in each case with and without pre-evacuation. 
The spores at the central spots 4, 5, 6, and 7 remained 
viable (Fig 4). 

Since the destruction of microorganisms represents 
also a quantitative problem, the attempt must be made 
to keep the number of microorganisms as low as pos- 
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Figure 4 Infusion set, contaminated with soil which contained 
spores The spores at contamination spots 4JJ>, and 7 were not 
hided by autoclaving with or without pre-evacuation 


sible. Therefore, a very important factor is the 
cleaning of the tubing The exclusive use of new, dis- 
posable plastic tubing is warranted since such tubing 
is, due to the manufacturing process, practically free 
of microorganisms. A complete reliability on the ger- 
micidal power of steam under pressure at 120°C is not 
warranted in the case of infusion sets. The heat sen- 
sitivity of the plastics prohibits the use of higher tem- 
peratures. Likewise, sterility tests on a few sets out 
of one lot furnish only a limited safety factor. 

The infusion sets are the prototype of often-used 
sterile equipment for which the thermal antimicrobial 
methods do not offer enough safety. 


Antimicrobial Treatment of Glycols and Glycerin 

Propylene glycol, polyethylene glycol and glycerin 
pose numerous problems as regards sterilization tech- 
niques. Geist 4 pointed out the danger of explosion 
when mixtures of glycerin and water are exposed to 
heat in a drying oven; heating of anhydrous polyalco- 
hols in the autoclave at 120°C for 20 minutes is en- 
tirely unsatisfactory for the destruction of soil spores. 

Flury 3 determined the following minimum water 
content for successful antimicrobial treatment in the 
autoclave at 120°G and 20 minutes: 



Percent Water 

Polyethylene glycol 400 

10 

Polyethylene glycol 4000 

10 

Propylene glycol 

20 

Glycerin 

80-90 
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Glycerin seems to act like a protective agent for the 
spores If there is little water present, then heating in 
the drying oven is recommended. The following tem- 
peratures and times are needed to destroy the soil 
spores: 


Gl>cerm, 90 percent 
Glycerin, 80 percent 
Propylene glycol, 100 percent 

Pi-ilifo+Vivlon*. olv/*n1 1 00 1 


14U'G for 2 hr 
130°G for 2 hr 
140°C for 2 hr 


rropyiene giycoi, iuu perwcni i*ru o lor & nr 

Polyethylene glycol 400, 100 percent 140°C for 2 hr 
Polyethylene glycol 4000, 100 percent 150°C for 2 hr 


AH these observations indicate that even our best 
antimicrobial methods have their pitfalls and. conse- 
quently, should be judged critically 


Modern Methods of Antimicrobial Treatment 

Bacterial Filtration 

The advantages and disadvantages of the bacterial 
filtration are so well known that we can omit their 
discussion. Only the new filter materials, nickel, bronze, 
and steel should be mentioned. Unbreakability and the 
possibility of cleaning such filters by igniting them to 
red heat distinguishes them from the common glass, 
porcelain, diatomaceous earth, cellulose ester, and 
asbestos-cellulose filters The significance of the metal 
filters has been reviewed by Agte and Ocetck 5 and 
Frehn, Hotop and Stempel. 6 

Flury 3 was never able to obtain a microorganism-free 
filtrate with these filters during his investigations. Their 
largest pore diameter is given as “below 1 /t”. 7 In ad- 
dition, the use of these metal filters is quite restricted 
since they tend to release Fe* 4 * and Cu ++ into the fil- 
trate. 

Fluorinated polyethylenes, such as Teflon®, Hosta- 
flon®, Gallon®, etc , are so hydrophobic that aqueous 
solutions, which generally have high surface tension, 
pass through the filters of fine porosity only with great 
difficulty. Therefore, their use as bacterial filters in the 
hospital pharmacy will probably continue to be prob- 
lematical. 

The polyvinylchloride filters of the Porvic® type 
material possess too high a lead content to be used 
in the manufacture of injectable solutions. Also, in 
our experience, the pore diameter is not sufficiently 
uniform as yet. 


Antimicrobial Treatment with Ionizing Radiation 

Primarily, two types of ionizing radiation are used 
for the destruction of microorganisms: 

1 Electromagnetic oscillations: X-rays or Roentgen rays 
Gamma rays 

2 . Accelerated electrons : Beta rays. 
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Electromagnetic Oscillations 

Different wave lengths sections of the electromag- 
netic spectrum have been used foi antinnciobiai tieat- 
ment of articles and substances* 

Radio waves 
Infrared wa\es 
U V radiation 
X-ra>s 
Gamma ra\s 

Guillot* reported on these methods in 1 953 at the Gen- 
eral Assemblv of the FIP 

Qualitatively, the above mentioned ravs all belong 
to the same familv Quantitativeh . how ever. the\ differ 
widelv from each other (Table I) 


Table I. Electromagnetic Rays 



Frequency y 

Wave 
Length A 

Energy 
quantum E 

Radio wa\es 

10 s 

Hertz 

3 10 4 cm 

6 62 10'2i erg 

Infrared 

10*4 

Hertz 

3 10 4 cm 

6 62 10 13 erg 

UItra\ iolet 

10 1<J 

Hertz 

3 10 6 cm 

6 62 10* 11 erg 

X-ra% s 

101 s 

Hertz 

3 10*« cm 

6 62 10*® erg 

Gamma ra\s 

1022 

Hertz 

3 10'i2 cm 

6 62 . 10* 5 erg 


The amount of energv of a quantum is 10 16 times 
greater for gamma rays than for radio waves. Gamma 
and x-rays, therefore, can verv profoundly interfere 
with the structure of substances and can produce ir- 
reversible changes even in the simplest substances This 
leads us to the field of radiation chemistry, a field of 
science which, according to Minder. 9 encompasses all 
chemical changes of any material systems which occur 
under the influence of “ionizing radiation ** 

A few definitions will be helpful in giving us a com- 
mon basis for the following discussion on this subject. 
The measurement of the dosage of ionizing radiations is 
usually based on the determination of the ionization 
which this radiation produces in air. The unit of the 
radiation dosage is the Roentgen (r) . It is that amount 
of Roentgen or gamma radiation such that the asso- 
ciated corpuscular emission per 0 001293 Gm. of air 
(equivalent to the weight of 1 ml. dry air at 760 mm. 
Hg and 0°C) produces, in air, ions carrying 1 esu 
of quantity of electricity of either sign. 

1 r (Roentgen) — 83 8 erg/Gm. air< 10 ) 

sa 2 00 x 10*® Kcal/Gm. air 
— 2.00 x 10*« Kcal/Kg. air 

= 2 33 x 10'® watt hours/Kg air 

As unit for the “absorbed radiation doses/ 1 the “rad” 
is used which corresponds to an energy absorption of 
100 erg/Gm. irradiated material 

1 rad = 100 erg/Gm 

s= 2 39 x 1 0 '* Krai /Gm tissue 

— 2 39 x 10 ° Kcal/Kg tissue 

= 2.78 x 10 * watt hours/Kg. tissue 

16 


Frequently, the literature mentions the unit “rep” 
(roentgen-equivalent-physical) which is equivalent to 
83 8 ergs absorbed per gram of irradiated tissue. Other 
authors use 93 erg/Gm. instead of 83 8 erg, Gm. 
Therefore, each time it should be ascertained if rcp s > 
or rep 03 is meant. 

1 rep*, sb 83 8 erg/Gm tissue 

= 2 00 x 10'® Kcal/Gm. tissue 

= 2 00 x 10 6 Kcal/Kg tissue 

= 2.33 x 10* 6 watt hours/Kg tissue 

The energy capacity of the radiation is expressed in 
election volts (eV) . 1 eV is defined as the energy which 
one electron with a charge of 1 602 x 10" 19 coulombs 
gams w hen rising through a potential difference of one 
volt 11 

1 eV = 1 6 x 10 « erg 
1 million eV = IMeV — 1 6 x 10* 6 erg 

The effect of energy-rich irradiations is the follow- 
ing* Electrons of an atom are driven out of their shell 
and continue to move on their own along the path of 
ionization, in the direction of the beam, until they 
unite again with ionized molecules to become a more 
or less excited unstable particle which subsequently can 
split up again. These fragments consist in part of free 
radicals which are very reactive. 12 In the case of water 
there can be formed : 

Hs HiO = , HO**, HsO, H + , OH+, H a +, O, H a O, H-, O, OH- 
According to Magee and Burton, 13 ’ 14 the simplest 
reactions of water can be given as follows: 

H 2 0 H 2 0 + 4- e 

HoO + + e HoO* (excited water) 

HoO + e > *H + OH- . 

If the OH" ion meets a positive water ion (H 2 0 + ) 
then water and an •OH radical is formed. The free 
hydrogen atoms unite to form hydrogen molecules, 
the *OH radicals can form H 2 0 2 . 

If a simple compound, like water, can yield so many 
reaction products, then it is easy to understand that 


Figure 5 Inactivation doses for different microorganisms by 
cathode rays (after Monarty™ cited by Ltlcfc”) 
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the situation becomes ver> complicated for high molec- 
ular weight substances or mixtures of substances. It 
has (>een established that micro- and macroorganisms 
can be severely injured by ionizing radiation Such 
injury 1 causes complete inactivation of most of the 
microorganisms at 500 Krep to 2 Mrep (Fig 5} The 
destruction of the microorganisms follows an exponen- 
tial death rate, as did the thermal antimicrobial treat- 
ment. This is. with prolongation of the irradiation per- 
iod, the same fraction, eg. 1/2 or 1/5, etc., of the sur- 
viving microorganisms is always killed per unit time 
Sterility is obtained when less than one microorgan- 
ism survives 

Spores are more resistant to radiation than many 
vegetative microorganisms At the Symposium on Ster- 
ilization Problems in London 1961, Trump, 17 one of 
the most prominent experts in this field, pointed out 
that viruses are even more resistant to radiation than 
spores. 

How much the active agents will be altered by 
Roentgen and beta rays has to be examined and de- 
cided in each individual case According to Miller, 18 
penicillin appears to tolerate doses of 500 Krad without 
loss of potency Insulin, however, becomes inactivated. 
Luck reported that at a radiation dosis of 28 Mrep, 
vitamin B x , suffers about a % loss of potency but that 
lactoflavin, pantothenic acid, niacin and folic acid re- 
main undamaged, results which Kuprianoff and 
Lang 19 confirmed and completed with numerical data. 
According to Schwenker and Vogt, 20 paraffins are only 
slightly attacked by sterilizing radiation doses Thus, 
we find here a situation similar to that of heat sterili- 
zation: There are microorganisms and materials which 
are more resistant to radiation and others which are 
more sensitive to radiation, properties which can be 
evaluated only experimentally. 

In addition, secondary effects caused by the irradia- 
tion have to be considered, e.g the brown discoloration 
of the ampul glass (Controulis et al 21 ), the alteration 
of the medium, etc A paradoxical secondary effect 
should particularly be considered: insufficient radiation 
doses may stimulate and enhance the growth of molds. 

Gamma rays, when compared with beta rays, show 
a distinctive advantage. The depth of penetration of 
the gamma rays is relatively great, namely 10 to 15 
cm. per MeV. Beta rays of 1 MeV penetrate to a 
depth of only 0.5 cm. Sources of gamma rays are 
primarily reactor waste products, e.g. Co 60 and Cs 137 . 
These products are now relatively inexpensive. How- 
ever, the cost of irradiation installation is quite high. 
Luck and Kuhn 11 mentioned for radiation processing 
of 14 metric tons (1 ton — 1000 Kg.) of potatoes per 
hour with 10,000 rep, which is about 1/200 of the 
sterilization dose, an irradiation installation which 
would cost approximately $500,000.00. The costs of 
irradiation per ton were estimated at $3.60 to $5.00. 
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Figure 6 Z MeV Van de Gruff Electron Accelerator for radiation 
processing (after Trump") 


Beta Rays 

Beta rays consist of a stream of highly accelerated 
electrons Rays with 4 to 8 MeV and with output 
electron beam power of 250 to 500 watts proved to be 
appropriate. Their effect on microorganisms is similar 
to the effect of gamma rays Beta rays are produced in 
linear, Van de Graff, accelerators (Fig. 6). 

As was previously mentioned, beta rays penetrate 
only 1 /20 to 1 /30 as deep as the gamma rays. There- 
fore, antimicrobial treatment with beta rays may be 
used only for small objects, e.g. ampuls. 

Beta rays, because of their limited penetrating power, 
are easier to shield than gamma rays. For this reason 
they are already used to some extent by industry in the 
antimicrobial treatment of thermolabile materials, e.g. 
the antimicrobial treatment of catgut, bones for trans- 


Figure 6a. Ionization effect by opposing beam irradiation loith 
3 MeV (after Trump") 
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plantations, etc The necessary radiation dose is 2 
Mrad Miller 18 calculated that 2000 catgut tubes per 
hour can be irradiated, involving an irradiation ex- 
penditure of J4 d per tube which is easily tolerated by 
such material. 

Evaluation of the Use of Ionizing Radiation 

The destructive effect on microorganisms is not 
more reliable with ordinary radiation sources of 4 to 
8 MeV than with the autoclave. Consequently, no 
gain m safety is to be expected over the autoclaving 
process Economically, when based on a reasonable 
amortization, the radiation equipment does not offer 
anv gain over the autoclaves. 

The decisive advantages in employing ionizing rays 
as the antimicrobial treatment show up in those cases 
where heat or filters cannot be used. However, in such 
cases it must also be proved that the irradiation is 
harmless to the product 

The use of ionizing radiation as antimicrobial treat- 
ment is obviously worthwhile only in those instances 
where , m a continuous operation } very large batches of 
production in their final packaging , which are sensi- 
tive to heat but not affected by irradiation , have to be 
rendered micro organism-free In such special cases, 
the ionizing ra\s represent probably not only the most 
appropriate but also the onlv useful antimicrobial 
method. 

Antimicrobial Treatment with Gases 

The principle of inactivating microorganisms by 
gases was known in ancient times Burning of herbs 
containing volatile oils, sulfur, etc., was and is still 
done for the purpose of disinfection Formaldehyde 
belongs to the standard disinfectants. Other, newer an- 
timicrobial agents which can effectively render con- 
taminated material free from microorganisms are the 
following: 

Ethylene Oxide 


Propylene Oxide 


Beta-Propiolactone 

The two most important agents are probably ethyl- 
ene oxide and beta-propiolactone Bruhin, Buhlman, 
Vischer and Lammers, 22 bacteriologists at J. R Geigy 
AG., Basle, described extensively the fundamentals and 
possibilities of application of ethylene oxide. The lit- 
erature on beta-propiolactone is still quite scattered. 

18 



Physico-Chemical Properties 


I he following table lists the physical properties 
ethylene oxide and beta-propiolactone 21 



Ethylene Oxide 

Beta- 

Propiolactone 

Molecular weight 

44 

72 

Boiling point 

10 7°C 

155°C 

(760 mm. Hg ) 
Melting point 


-33 4°C 

Freezing point 

-lire 


Vapor pressure 

1140 mm Hg 

3 4 mm Hg 


(at 20 °C! 

(at 25 e C) 

Density 

0 8694 (at 20°C 

1 149 

Water solubility 

liquefied) 

Miscible 

37 5% Vol 


The effect of ethylene oxide on bacteria cannot, ac- 
cording to Fraenkel-Courat, 24 be attributed to an oxi- 
dation of the essential bacterial substances but to alky- 
lation or esterification of acids and to ether- or thio- 
ether formation on the proteins According to these 


Ethylene Oxide Reactions 


,0 £H, 

PROT -C~0H ♦ 


,0 

PROT -C-0-CH 2 -CH 3 -OH 


PROT - NH> * oT 2 
v CH2 


» PROT -NH-CH 2 -CHj - OH 


PROT -SH* 


ch 2 


PROT -S-CK 2 -CH 2 -OH 


PROT -OH* 
Figure 7 


'ch 2 


PROT -0-CH 2 -CH 2 -OH 


equations, the reactions do not require water. How- 
ever, the destructive effect of ethylene oxide is signifi- 
cantly enhanced by 10 to 20 percent relative humidity. 

Beta-propiolactone also acts not simply as an oxi- 
dizing agent but, according to Machell, 25 reactions 
such as the following take place. 


Beta-Propiolactone Reactions 

Cl- CH 2 - CH 2 - J-O- Na 

HQ-CH 2 - C«2 - ^ -0 - R 
r-o-ch 2 -ch 2 - j-oh 

HQ-CH2-CH 2 -?-N*R 2 

r 2 n-ch 2 -ch 2 -c-oh 



Figure S 


NaCl ♦CH 2 -CH 2 

R-OH 

0— — CO 


R 2 -NH 


S53? 
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Figure 8a. Effect of beta-propiolactone concentration on death 
rate of spores of Bacillus subtUis var niger Relative humidity , 
SO ± 5 percent, temperature 27 ±2C Concentrations (mg per 
L ) A , OJ, B, 0 2; C, 0 4, D, 1 6 ( cited from paper of Hoffmann, 
R K and Warshowsky , B Appl Microbiol 6 358, 1958 ) 



Figure 8b. Effect of relative humidity on death rate of spores 
of Bacillus subtUis var. niger exposed to beta-propiolactone 
vapor Lactone concentration, 15 ± 0 3 mg. per L ; temperature , 
27 ± 2 C. Relative humidities A, 45 percent, B, 50 percent; C, 
50 percent * D, 75 percent; and E, 85 percent (cited from paper 
of Hoffmann, R K and Warshowsky , B Appl Microbiol S 358, 
1958} 


METHODS OF ANTIMICROBIAL TREATMENT 

The decisive property of the two agents is theii 
germicidal effect Bruhin et al 22 found the concentra- 
tion of ethylene oxide for suitable antimicrobial treat- 
ment as follows: 1200 mg per liter, at 6 atmosphere 
gage (C0 2 ), at a temperature of 55 °G and 10 to 20 
percent relative humidity. For the complete destruc- 
tion of soil spores on plastic petri dishes, they recom- 
mend a treatment for 45 minutes. Under the condi- 
tions cited in figure 8a, 90 percent of the spores were 
destroyed — 

at 1 6 mg. per liter beta-propiolactone after 2 
minutes 

at 0 1 mg. per liter beta-propiolactone after 42 
minutes 

The effect of beta-propiolactone is best at 75 to 85 
percent relative humidity and diminishes rapidly with 



Figure 8c, Effect of temperature on death rate of spores of 
Bacillus subtilis var niger exposed to beta-propiolactone vapor. 
Lactone concentration, 15 ± 03 mg per L , relative humidity 
80 ± 5 percent Temperatures A, — 10°C, B, —2°C; C, +6°C; 
D, +15 C; and E, +25 C (cited from paper of Hoffmann, R K. and 
Warshowsky, B. Appl. Microbiol. 6:358, 1958) 
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Figure 9a. Scheme of the ethylene oxide autoclave. 
translation: Absorber — absorber 
Druckminderer — pressure reducer 
Druckschalter— pressure switch 
Flexible Leitung— flexible pipe 
Gasflasche — gas cylinder 
Hochdruckmanometer— high pressure-gauge 
Magnetventil “Auslass” — magnet valve “exhaust” 

Magnetventil “Einlass”— magnet valve “inlet” 
Niederdruckmanometer— low pressure-gauge 
Sicherheitsventil 8 atii— safety valve 8 atii 

Sterilisierkessel mit Sicherheitsvorrichtung — sterilization vessel 
with safety equipment 
Vergaserspirale — carburettor coil 
Vorwarmspirale — pre-heating coil 
Vorlageflasche (leer)— receiving flask (empty) 


Figure 9b. Ethylene oxide autoclave, 100 
liter capacity DMB-Sterivit- Automatic. 
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a decrease in the water content of the air. Sixty per- 
cent relative humidity is insufficient for adequate effect 
(Fig. 8b). On the other hand, the effect remains ex- 
cellent at temperatures from +15 to +25°G (Fig. 
8c). 

Application of Ethylene Oxide 
and Beta-Propiolactone 

Application of ethylene oxide in gaseous form takes 
place in an autoclave-like apparatus which allows for 
production of vacuum or pressure. Frequently the ap- 
paratus possesses instruments to measure and control 
the relative humidity. 

The ethylene oxide is introduced into the apparatus 
from a steel cylinder in suitable amount and concen- 
tration, mixed with carbon dioxide. Freon, or other 
inert gases. The proportion of ethylene oxide: inert 
gas is usually 10:90 or 20:80. The admixture of inert 
gas is an absolutely necessary precaution because even 
a 3 per cent ethylene oxide-air mixture is explosive. 
Following its use, the ethylene oxide is rendered harm- 
less by passing it through a gas absorber. 

Beta-propiolactone can be applied in any closed area, 
or in the autoclave, or if necessary, even in a drum 
with a tightly fitting cover. It is applied in the form of 
an aerosol which is sprayed into the closed area. It is 
rather stable in its pure form but hydrolyzes rapidly 
when diluted with water. 26 Therefore, the aqueous 
aerosol solution should be prepared just prior to use. 
Beta-propiolactone is extremely irritating to the eyes 
and mucosae. 

In order to evaluate correctly possible applications 
of ethylene oxide and beta-propiolactone, the particu- 
lar properties of the two agents have to be considered 
carefully. Both agents, in contrast to the thermal meth- 
ods or the ionizing radiation, exhibit their effect pri- 
marily at the surface of the materials to be sterilized. 
Microorganisms which are enclosed in crystals will not 
be reached. This especially has to be considered in the 
antimicrobial treatment of powders. Both agents are 
also not suitable for the antimicrobial treatment of 
solutions because the quantitative removal of the anti- 
microbial agent or of its hydrolysis products from the 
solution is difficult to accomplish. In general, anti- 
microbial treatment with ethylene oxide is appropriate 
for objects and substances which are not damaged 
when heated to 50 to 60 °C and for which low humid- 
ity (10 to 20 percent relative humidity) is desirable. It 
is useful to wrap the objects to be treated in polyethyl- 
ene film which is permeable to ethylene oxide but im- 
permeable to germs. 

Beta-propiolactone is of advantage for the antimi- 
crobial treatment of materials which, under no cir- 
cumstances, can be exposed to temperatures above 
room temperature. However, those materials which 
are sensitive to humidity cannot be treated since effec- 
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live treatment requires 75 to 85 percent relative hu- 
midity 

In each case, the possibiht\ of reaction to the 
materials to be treated with the antimicrobial agent 
has to be determined carefully Furthermore, it should 
not be overlooked that antimicrobial agents are only 
effective if they come in contact with the material to 
be treated Complete diffusion into all “dead corners 
and ends” is not entirely guaranteed for very short 
treatment periods Therefore, sterility testing always 
has to follow the treatment. 

Summary and Conclusions 

Evaluating the pros and cons of the methods, the 
following conclusions can be drawn 

Certainty of the Destruction of Microorganisms 

1 Heating m live steam at 100°C is insufficient even if 
the treatment is carried out for many hours 

2 Heating in saturated steam at 120°C for 15 to 20 min- 
utes offers complete guarantee of the destruction of all 
vegetative microorganisms, spores and viruses which are 
found m correctly prepared pharmaceutical materials, if a 
sufficient amount of water is present in such preparations 
and equipment In any case, care has to be taken that all 
parts of the equipment come in contact with steam either 
by allowing for an escape of the air or by filling at least 
0 1 percent of the hollow spaces with water 

3 There is probably not a single aqueous solution in a 
hospital pharmacy for which the autoclaving method at 
140°C for 20 minutes is justifiable Glass, rubber stoppers, 
acme ingredients and additives suffer considerably more at 
this condition than at 120°C The gam in safety for these 
preparations is null 

4 In concentrated glycerin, propylene glycol or poly- 
ethylene glycols, however, spores will not positively be de- 
stroyed by steam treatment at 120°C for 20 minutes 

5 Ionizing radiations yield, according to our information, 
positive destruction of microorganisms and spores if the 
radiation dose absorbed by the material amounts to 2 5 to 
3 Mrad 

6 Ethylene oxide and beta-propiolactone yield-— at the 
nght concentration, humidity, pressure, temperature, and 
period of exposure — sufficient safety for the destruction of 
microorganisms at the surface of materials 

7 For the ethylene oxide method the following was found 
to be appropriate* 1200 mg ethylene oxide per liter, 10 to 
20 percent relative humiditv, 6 atmosphere gage at 55 °G for 
45 minutes 

8 The beta-propiolactone procedure requires* 1 6 mg 
beta-propiolactcne per liter for 2 minutes or 0 1 mg per 
liter for 42 minutes at 75 to 85 percent relative humidity, 
atmospheric pressure and room temperature 

Other Considerations 

1 Many preparations and materials will, however, be ad- 
versely effected under the conditions of the above men- 
tioned reliable methods Therefore, the suitability of a 
method has to be determined experimentally for each case 

2 Beta-propiolactone treatment appears to be the most 
economical method because no installation, with the excep- 
tion of good ventilation, is neeessarv Its use, however, is 
relatively limited due to its irritant effect 

3 For general applications the autoclave method of 120“G 
for 15 to 20 minutes is economically unexcelled If, however, 
some materials have to be autoclaved at I40°C, i e at 3 6 
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atmospheres, and others, at 121 °C, this not only increases 
equipment costs and loss of time but also increases the 
possibility of errors because of the thermolabile properties of 
many substances (rubber and plastic, glass, vehicles, active 
ingredients, etc ) 

4 The personnel runs relatively little risk with the auto- 
clave Beta-propiolactone is an irritant to the eyes and mu- 
cosae so that one has to take appropriate precautions 
Ethylene oxide without the addition of inert gas is highly 
explosive, the commercially available 10 to 20. percent 
ethylene oxide mixtures are not hazardous 

5 The methods using ionizing radiations require a large 
expenditure for safety protection Of principal importance 
here is the shielding against primary and secondary' radia- 
tions, by lead, concrete, etc 

6 It is evident that the ideal antimicrobial process has 
not yet been found It still requires critical, careful con- 
sideration to decide which process offers the most advantages 
and the least disadvantages in a particular case The more 
choice there is in the selection of substances and processes 
and the deeper our insight is into the problems the greater 
will be the responsibility of judgement placed on us to make 
the correct decision It is and it will be the pride of each 
pharmacist to meet these constantly increasing responsibilities 
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This series of papers shows the biological properties and the methods of evaluation 
to determine the efficacy of various categories of antimicrobial agents. The antiviral 
properties of a number of germicides were reported by Klein and Deforest; Zedler 
and Beiter chose to show the biological activity of a singular group, the organotins. 

Burdon and Whitby, and Adair, Geftic, and Gelzer, showed contamination of 
disinfectants with Pseudomonas sp. and determined the resistance of these microorgan- 
isms to quaternary ammonium compounds. Walter and Gump tested the antimicrobial 
activity of combinations of quaternary ammonium compounds with hexachlorophene 
and showed some advantages and shortcomings that occurred when these mixtures 
were tested for antimicrobial activity. 
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Antiviral Action of Germicides 



By Merten Klein* and Adamadia Deforest, 

Temple University 
School of Medicine 
Philadelphia 




|HE in vitro inactivation of 
"bacteria by the common 
germicides has been quite 
thoroughly documented. Problems 
of evaluation now more commonly 
involve effectiveness in a given en- 
vironmental situation. However, 
evaluation of the virucidal action 
of germicides is still poorly docu- 
mented at the level of in vitro in- 
activation. There are at least a 
dozen different classes of germi- 
cides, some 150 human viruses and 
a far larger number of animal vir- 
uses. To test all possible combina- 
tions is a prohibitive task and any 
attempt to generalize from the lim- 
ited number of studies is precar- 
ious for, as we will emphasize, vir- 
uses are not homogeneous in theii 
susceptibility to a given geijmicide 
If one attempted even a ten- 
tative explanation for differences 
in resistance of viruses to germi- 
cides some 15 years ago one could 
not even begin to think of the ques- 
tion effectively. A virus was merely 
a small filterable agent needing liv- 
ing cells to grow and this informa- 
tion offered no basis for under- 
standing patterns of resistance or 
susceptibility Within the last 10 
years, a body of knowledge has ac- 
cumulated concerning the morpho- 
logy and chemical structure of vir- 
uses. One can now take a group of 
viruses about which something is 
known and attempt to relate the 
structure and chemical properties 
of the virus and its susceptibility to 
germicides. 1'his we have tried to 
do in our study. 

Rather than review the liter- 


presented at 49th midyear meet- 
Chemical Specialties Manufacturers Asso- 
ciation. Chicago, May £1. 


ature in detail, let me make cer- 
tain generalizations that I think 
summarize most of the studies: 

1. Certain viruses, such as 
influenza, vaccinia, and Eastern 
equine encephalomyelitis, are read- 
ily killed by a variety of germicides 
at germicide levels similar to those 
of vegetative bacteria. 

2. Other viruses, including 
polioviruses and coxsackie viruses, 
can be inactivated by germicides 
such as sodium hypochlorite 
though they have a resistance some- 
what greater than that of vegetative 
bacteria. 

3. The most striking devia- 
tion from the usual pattern of in- 
activation is an observation we 
made some 20 years ago, namely, a 
cationic detergent, “Zephiran,” 
(Winthrop) was completely inac- 
tive against the Lansing Type 2 
strain of poliovirus grown in mouse 
brain. This resistance of poliovirus 
was confirmed with tissue culture 
preparations of all three types of 
virus (1) . We thus knew that vir- 
uses varied in their resistance to 
certain germicides and, as new vir- 
uses were isolated, the question 
aiose how they would react to a 
germicide. In this study, we will 


present a hypothesis for predicting 
the resistance of some viruses to 
certain germicides. 

Experimental Procedure 

We have determined the in- 
activation of seven viruses by 10 
germicides, repeating some studies 
already reported in the literature 
in order to present a summary pic- 
ture. The properties of the seven 
viruses are shown in Table 1. 

We tested three representa- 
tives of the some 60 viruses that 
comprise the enterovirus group, 
namely poliovirus Type 1, cox- 
sackie B-l and Echo 6. Adenovirus 
Type 2 is the representative of the 
large family of adenoviruses that 
cause infections in man and ani- 
mals. Herpes simplex causes, 
among other things, the common 
fever blister. Vaccinia is the pox 
virus used for vaccination of man 
and is the representative of the 
family of myxoviruses that include 
the virus of mumps and the parain- 
fluenza viruses* 

Some of the viruses contain 
ribonucleic acid, others desoxyribo- 
nucleic acid. Some ot the viruses 
are small, others large. We have 
found no correlation in this study 


Table 1. Viruses Included in Germicide Study 


Virus 

Nucleic 

Acid 

Size 

(mu) 

Membrane 

Lipid 

Ether 

Sus. 

Adsorption by 
Cholesterol 

Polio Type 1 
Coxsackie B-l 
Echo 6 
AdenoType 2 

H simplex 
Vaccinia 

Influenza 

(Asian) 

RNA ~ 

RNA 

RNA 

DNA 

DNA 

DNA 

RNA 

30 

30 

25 

75 

130 

250 

100 

+ 

+ 

+ 

+ 

+ 

-f 

+ 

+ 

Hydrophilic 

Hydrophilic 

Hydrophilic 

Lipophilic 

Lipophilic 

Lipophilic 

Lipophilic 
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between the size, kind of nucleic 
acid and susceptibility to germi- 
cides. 

The three enterovii uses and 
adenov irus have as their basic struc- 
ture an inner core of nucleic acid 
and an outer protein shell, the cap- 
sid, which consists of identical sub- 
units ot protein, called capsomeis 
The three other viruses. Herpes 
simplex, vaccinia and Asian influ- 
enza, have an outer envelope con- 
taining lipid. The three viruses 
with the outer envelope are usually 
susceptible to germicides, no mat- 
tei whether they are ether resistant 
or not. 

Adenovirus, like the three 
enteroviruses, has no lipid, no out- 
er membrane and is unusually 
stable to env ironmental conditions. 
We anticipated that its resistance 
to germicides would be similar to 
that of the enteroviruses. We 
found, however, that the adenovir- 
us had a pattern of resistance sim- 
ilar to the viruses having a lipid- 
containing envelope In an attempt 
to find a property of the adeno- 
virus that would explain this pat- 
tern of germicidal susceptibility we 
noted the study of Noll and Young- 
ner (2) . They observed that some 
viruses (Influenza— 8 strains) com- 
bine with lipids, they called them 
lipophilic viruses. Viruses which 
did not combine with lipids they 
called hydrophilic. Polioviruses (2 
types), coxsackie (1 type), and 
Echo viruses (2 types) were hydro- 
philic. The \ irus ot infectious c m- 
lfte hepatitis, even though it ap- 
parently does not contain lipid, 
still, like the envelope lipid-con- 
taming viruses, was lipophilic be- 
cause it was absorbed with lipids. 
We have found that the resistance 
of the hydrophilic viruses to some 
germicides is based upon the tail- 
tue of these viruses to leact with 
geimicides having lipophilic piop- 


erues. Lipophilic viruses on the 
other hand, are unusually suscep- 
tible to the killing action of germ- 
icides having lipophilic propei lie* 

Determining Inactivation 

Influenza v irus was grown in 
the allantoic cavity of the chick 
embryo. Tests for infectivity were 
carried out by inoculating the v irus 
into the allantoic cavity of the 
chick embryo and testing for viral 
hemagglutinins in the allantoic 
fiuid. All other viruses were grown 
in cultures of HeLa cells, except 
Herpes simplex which was grown 
in freshly trypsinized rabbit kidney. 
The maintenance medium in which 
the viruses were harvested consist- 
ed of: 

2% chick serum 
20% trypticase soy broth 
78% Eagle's medium (a 
mixture of amino 
acids and vitamins) in 
Earle’s balanced salt 
solution 

This medium, plus some tissue 
debris that remained after sedi- 
menting the harvested virus prep- 
aiations at 3,000 RPM for 30 min- 
utes, represents the interfering or- 
ganic matter. All viral titers were 
m the range of 10'* to 10 s infectious 
doses per ml. 

Viral inactivation was de- 
termined by mixing 0.9 ml. of the 
test germicide (9.9 ml. of gennicide 
was used with ethyl and isopropyl 
alcohol) w r ith 0.1 ml of undiluted 
vnus. In some studies, viius was 
diluted m saline at 1:100 Aftei 
contact at room tcmpeiature for 
I, 3, 5 and 10 minutes, vnal inacti- 
vation was detei mined by titonng 
the virus and comparing the liter 
with that of the unueated contiols 
Geimiude carried over m the eailv 
dilutions was fiequently toxic for 
tissue culture cells and thus we 


could not determine complete viral 
inactivation. 


Hesuffs 

A summarv of the lesults 
appears in Table 2 

Sodium hypochlontf' We 
used the commercially available 
“Cloro\“ stalling with 200 ppm 
which is appi oximately the concen- 
tration recommended for disinfec- 
tion. At the level of the organic 
load in out media 200 p.p m. inac- 
tivated all seven viruses. We have 
found that this chlorine concentra- 
tion also inactivates a virus of mon- 
keys, Simian vnus #40, that causes 
tumors in hamsters and was present 
as a contaminant in early piepara- 
tions of the Salk vaccine The 
chlorine demand of the tissue cul- 
ture preparations was appioximate- 
ly 40 pp.m thus 20 p.p.m of free 
available chlorine failed to inacti- 
vate the viruses. However, at this 
concent! auon adenovirus showed 
an increase of 1-2 logs in viral 
titei We have observed this in- 
crease in adenovirus titer at con- 
centrations just below the in- 
activating dilutions with phenol 
and iodine. This stimulation is 
somewhat inegular but sufficient- 
ly consistent to be a recog- 
nizable phenomenon. This phe- 
nomenon was not observed with 


Specificity el a germicide against certain 
virus types can be predicted on the basis 
[ of its lipophilic or hydrophilic character; 
antimicrobial activity offers no criterion. 
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Table 2. Lowest Concentrations of Germicides Inactivating in 10 Minutes 


A — Sodium hypochlorite 





E 

F 

G 

H 

B — Weladyne 





Poliovirus Type 1 

2% 

70% 

95%(Neg ) 

5% 

C — Bichloride oi men 

:ury 




Coxsackie B-l 

1% 

60% 

95%(Neg ) 

5% 

D — Formalin 





Echo 6 

1% 

50% 

90% 

5% 

E — Glutaraldehyde 





Adenovirus Type 2 

0 02% 

50% 

50% 

5% 

F — Ethyl alcohol 





Herpes Simplex 

0 02% 

30% 

20% 

1% 

G — Isopropyl alcohol 





Vaccinia 

002% 

40% 

30% 

2% 

H — Phenol 





As'an irfluenza 

0 02% 

30% 

30% 

2% 

I — O-phenylphcnol 










I — Zephirau (Wirthrop) 





I 


I 



A 

B 

C 

D 

Poliovirus Type 1 

12% (Meg ) 

10® o-24 hrs contact 'Neg ) 

Poliovirus Type 1 

200 ppm 

150 ppm 

1 500 

8% 

Coxsackie B-l 


M * 

1 11 


Coxsack e B-l 

200 pp^ 

150 ppm 

1 500 

2% 

Echo 6 


M % 

1 M 

" 

Echo 6 

200 ppm 

ISO ppm 

I 500 

2% 

Adenov.rus Type 2 

0 12% 


1 1,000 


Ade-’ovaus Type 2 

200 ppm 

150 ppm 

1 5,000 

2% 

Herpes simple 

0 12% 


1 10,000 


Herpes s’mplex 

200 ppm 

75 ppm 

1 5 000 

2% 

Vaccinia 

0 12% 


1 10,000 


Vaccinia 

200 ppm 

75 ppm 

l 5 000 

2% 

Asian influenza 

0 12% 


1 10,000 


Asian influenza 

200 ppm 

75 ppm 

1 5,000 

2% 

1 5% HC1 inactivated all of the above viruses 


any of the othei viruses We 

have 

Bichloride 

of Mercury. A 

dilution, 

it inactivated all of 

the 

no film explanation, but 

it is 

1 500 dilution of HgCl_, killed all 

test viruses in one 

minute It 

is a 

known that an inhibitoi of adeno- 

of our test 

viruses. 

Though the in- 

powerful 

virucidal 

agent. If 

we 


virus multiplication is released actuation of influenza bv HgCL compare the structure of formalde- 

fiom infected cells and we mav sug- can be reversed by reducing agents hyde and glutaraldehyde, we see 

gest that the inhibitoi is more sus- (5) there is no evidence that leac- that the latter is a dialdehyde con- 

ceptible to the germicide than the tivation occurs in the animal body taining five carbons rather than the 
\irus itself Thus germicidal con- For malm This compound one, as in formaldehyde. Clataral- 

cen nations that fail to inactivate has long been used for the prepara- dehyde still has its reactive polar 

the virus, inactivate the inhibitor tion of vaccines since low concen- groups, hence can inactivate hydro- 

with an inti ease in viral titer trations (1 -4,000) and prolonged philic viruses like the enteroviruses 

Provided the virus was di- inactivation times preserve anti- but the additional carbons give it 

luted m saline 1:100, concentra- genicity However, high concentra- a 50-fold greater activity against 

tions of 2 ppm. of free available tions (8 per cent) are needed to the lipophilic viruses. Glutaralde- 

chlorine inactivated all the viruses. obtain complete inactivation of all hvde is then a germicide in which 

We have found, as have others, viruses in 10 nunutes the additional carbons are associ- 

Kellv and Sanderson (3) , Clark The four germicides that we ated with an increased activity 

and Kabler (4) , that if you dilute have considered thus far are highly against the hydrophilic enterovir- 

vour virus still further, until there leactive, small molecular weight uses. 

is no organic load, as little as 0.2- compounds that show no unusual Ethyl vs isopropyl alcohol. 

0 3 p p.m. of free available chlorine affinity for lipophilic viruses. Note Ethyl alcohol is a very potent vir- 

will inactivate polioviruses or cox- that other than formaldehyde none undal agent and with in the range 

sackie viruses. Sodium hypochlor- of these compounds has anv carbon of 70-95 per cent all of the viruses 

ite is a broadly reactive virucidal atoms However, and this will be were inactivated within one min- 

a g ent * <Hir major observation, with the in- ute It exhibits a slightly greater 

ll ladyne This is iodine troduction of additional carbons activity against the lipophilic vir- 

complexed with nonionic deter- into a germicide the compound be- uses 

gents at a low pH. It was quite comes more lipophilic and will re- Isopropyl alcohol has been 

similar in activity to sodium hypo- act more readily with lipophilic vir- widely used as a substitute for 

chlorite inactivating all our test uses But a germicide may possess ethyl alcohol and all available data 

viruses at 150 p.p.m. If one diluted such a high ratio of carbon to polar indicate that it is as active as ethyl 

the viral challenge the germicidal groups that the compound becomes alcohol against bacteria. Isopropyl 

concentration needed to inhibit completely nonreactive with hydro- alochol has one more carbon than 

(bopped accordingly. One might philic viruses. ' ethyl alcohol, giving it somewhat 

recall that a mild tincture of 2<% Gluiaraldehyde. Glutaralde- greater lipophilic properties. We 

iodine contains 20,000 p p.m. of hyde activiated by raising the pH would predict that isopropyl al- 

i odine, over 100 times the concen- with sodium bicarbonate is a re- cohol should he less active against 

tration needed to inactivate all of tenth introduced preparation the hydrophilic enteroviruses but 

our test viruses. Tincture ofiotline (“Cidex/* Lthicon, Inc.) for the fully active against the lipophilic 
is obviously a potent virucidal sterilization of hospital equipment. viruses. As shown in the table, iso- 

a g ent - *^ 1 the recommended 2 per cent use (Turn to Page 95) 
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piopxl alcohol is as active~in fact 
somewhat 11101 c so against the 
lipophilic mi uses than ethyl al- 
cohol Howevei, against the enteio- 
uiuses theie is a dxamatic loss in 
activity Theie is no inactivation 
ot any ot the tlnee enteroviruses at 
concentrations of 70-80 per cent 
isopropyl alcohol. The 95 per cent 
isopropyl has limited and irregular 
activity against both the poliovii- 
uses and the coxsackie viruses, 
though Echo 6 is somewhat mme 
susceptible. These results indicate 
that isopropyl alcohol should not 
be considered as the germicidal 
equivalent of ethyl alcohol. 

Phenol vs. o-phenylphenol. 
Phenol at concentiations of 5 per 
cent inactivated all of the seven 
viruses. However, the compound is 
active over a rather narrow range 
and 1 per cent phenol inactivates 
only Herpes simplex. 

O-phenylphenol is used in 
commercial germicides In tests 
against bacteria, all of which have 
lipid m theii outer membrane, o- 
pheny 1 phenol has greater activity 
than phenol. O-phenylphenol, by 
virtue of the additional carbons in 
the added phenyl group is a mark- 
edly lipophilic compound, quite 
insoluble in water and usually solu- 
bilized with soap. One would pie- 
dict that, compared to phenol, it 
would have a greater activity 
against lipophilic viruses and less 

JUI.Y, 1963 


activity against the hydrophilic en- 
teroviruses As shown in the table, 
o-phenylphenol is approximately 
ten times as active as phenol 
against the lipophilic viruses but 
it has completely lost its activity 
against the hydrophilic viruses At 
12 per cent concentration, o- 
phenylphenol fails to inactivate any 
of the three hydrophilic viruses af- 
ter 10 minutes contact. 

“ Zephiran ” a cationic detei- 
gent This is a distinctly lipophilic 
compound due to the long chain 
alkyl groups m the active portion 
of the molecule One would expect 
activity against the lipophilic vii- 
uses and limited activity against the 
hydrophilic viruses. A MOO dilu- 
tion of “Zephiran” readily inacti- 
vated the four lipophilic viruses 
while a 10 per cent solution of 
“Zephiran,” even after 24 hours 
contact at room temperature, was 
complctetly inert against any of the 
three enteroviruses We would ex- 
pect that an arbor virus like the 
virus of Eastern equine encephal- 
omyelitis, even though it is an 
RNA virus within the size range 
of the enteroiruses, would be sus- 
ceptible to “Zephiran” because of 
its high lipid content. This suscep- 
tibility to “Zephiran” has been 
noted by Bucca (6) . Finally, as ob- 
seived by Theiler (7) , bile salts 
destroy influenza virus and the 
virus of Eastern equine encephal- 
omyelitis but tail to destroy polio 
and coxsackie viiuses This activ- 
ity is also predictable based on the 
affinity of lipophilic compounds 
lor the lipophilic viruses. 


Summary 

The unusual lesistance of 
eiuei ov iruses to ceitum gei micides 
is associated with the hvdrophilic 
nature of the vnus particle and 
the lipophilic nature of the germi- 
cide Bacteria aie lipophilic and 
their use in the past for the evalu- 
ation of germicides has failed to de- 
tect the limited activity of ceitain 
germicides against the hydrophilic 
vuuses. Isopropyl alcohol, cationic 
detergents and ceitain derivatives 
of phenol, though highly active 
against bacteiia and hphophdic 
vuuses have been found deficient 
in then action against hydiophilic 
v n uses ■ 
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Modified Approach to Laboratory 

Evaluation of Disinfectants 

Modifications in substrate and kill time 
stipulations of A.O.A.C. Test suggested 

I S" for more realistic appraisal of hospital 

J hard surface antibacterial preparations 

By L. J. Vinson, Ph.D.* and O. M. Dickinson, 

Lever Brothers Co , 

Research Center, 

Edgewater, N. J. 


GREAT deal has been 
written in recent years on 
the need for proper sanita- 
tion practices in hospitals and 
othei institutions in tonti oiling 
staphylococcal infections. One im- 
poitam measuie which umiiibutcs 
to staphylococcal tonti ol is the 
regular use of antibacterial agents 
for ueatment of all accessible sui- 
taces in critical areas not only ol 
surgery, obstetrics and nursery but 
also the wards, coiridors, wash- 
rooms, laundry and hospital equip- 
ment. The need for such treat- 
ments has been documented many 
times and will not be described 
here. Because of the very large 
number of antibacterial products 
available to hospitals and the dif- 
ficulty encountered in evaluating 
them correctly on the basis of their 
germicidal claims, classification of 
these agents into different activity 
categories has helped to clarify a 
confusing situation. 

Two types of antibacterial 
products are covered by this study: 

1) Sanitizer — defined by 
Reddish (I) as an agent that re- 
duces the number of bacterial con- 
taminants to safe levels as may be 
judged by public health requiie- 
ments. 

2) Disinfectant — defined by 
Reddish (1) as a chemical agent 
which destroys disease germs or 

•Paper presented at 50th annual meet- 
ing of Chemical Specialties Manufacturers 
Assn., Hollywood, Fbu, Dec. 10, 1068. 


othei harmful microorganisms. An 
important consideration is that the 
proper use of a disinfectant is con- 
tingent on the jniiposc tor which 
it is employed 01 on the type ot 
mleclious agent believed u» be 
piescm. L. S. Stuaii states in his 
chaptei on Methods of Testing Dis- 
infectants (l) that no single bac- 
teriological test method can be ex- 
pected to be suitable loi determin- 
ing the efficiency ot all germicidal 
chemicals in all of the disinfecting 
uses tor which they may be recom- 
mended Among other things, a 
realistic test method should yield 
data that can be accurately inter- 
preted in terms of practical disin- 
fecting value. 

Cuirently, the A.O.A.G. Use- 
Dilution Method (2) is employed 
as a primary evaluation in the 
regulatoiy testing of germicides 
sold specifically for use in disinfect- 
ing floors, walls, fixtures and equip 
ment in hospitals. The use-dilu- 
tion of a disinfectant product is 
required, under strict and specified 
conditions, to kill Staphylococcus 
ameus and Salmonella choleraesms 
on steel cylinders within a period 
ot 10 minutes (3) . 

This test is satisfactory inso- 
lar as it defines a disinfectant as an 
agent that destroys completely des- 
ignated infectious organisms on a 
steel surface in 10 minutes. It does 
not, however, provide information 
as to a) what such a disinfectant 
will do on other surfaces common 


to the hospital environment and 
b) the ability of a treated surface 
to continue to destroy pathogens 
that may recontaminate the sur- 
lace. To put it simply, a positive 
A.O.AC. Use-Dilution Test indi- 
cates that a steel suitace tieated 
with an ettective disinlectant is free 
ot staphylococci 01 othei pathogens 
alter 10 minutes. There is no as- 
suiance, however, that the surface 
would remain sterile after recon- 
tamination, possible in a hospital. 

These points, so pertinent 
in predicting the use performance 
of a hospital disinfectant, will now 
be discussed employing data on 
four commercial liquid disinfec- 
tants and a sanitizer. 

Disinfectant / — A phenolic 
based formulation representative 
of products containing one or more 
of the phenolic agents— o-phenyl 
phenol, p-tertiary amyl-phenol, o- 
benzyl p-chlorophenol; 

Disinfectant II — Active in- 
gredients are a phenolic (o-benzyl 
p-chlorophenol) and a 1:1 mix- 
ture of 4',5-dibromosalicylanilide 
and 3,4’,5-tribromosalicylanilidet; 

Disinfectant III — A quater- 
nary ammonium halide-based 
product; 

Disinfectant IV — An iodo- 
phor-based disinfectant; and 

Sanitizer EL— An antibacter- 
ial product whose active ingredi- 
ents are lauryldiethylenetriamine 
and a 1:1 mixture of 4’,5-dibromo- 

T"Temasept", Fine Organics, Inc. 
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Table I* Self Sanitizing Performance of Five 
Hospital Products 

Treated Surfaces* Recontaminated with S.aureus** and incubated in 
Letheen Broth After Time Lapses 

Time held before 
recontaminated 

cylinders are No of positive tubes out of ten 

placed into Disinfectants 


Letheen broth 

r 

H 

111 

IV 

Sanitizer FL 

4 hours 

10+ 

6+ 

10+ 

10+ 

5 + 

6 hours 

10+ 

4+ 

10+ 

10+ 

0 

8 hours 

10+ 

0 

10+ 

10+ 

0 

Overnight 

10+ 

0 

10+ 

10+ 

0 


*AOAC steel cylinders 
**1 100 diluton of 48 hour nrrowth culture 


salicylanilide and 3,4’,5-tribromo- 
salicylanilide. 


Table IZ. Sell Sanitizing Performance of Three 
Hospital Products 

Treated Surfaces* Recontaminated with S aureus** 

Viability check 
following 
recontamination 

at times No, of positive tubes out of fen 

indicated 


1 hour 

Disinfectant 1 
10+ 

Disinfectant li 

0 

Sanitizer FL 

0 

1 day 

10+ 

0 

0 

2 days 

10+ 

0 

0 

3 days 

10+ 

0 

0 

6 days 

10+ 

0 

6+ 

7 days 

10+ 

2+ 

10+ 

14 days 

10+ 

10+ 



*A 0 A C steel cylinders 
**1 100 dilution of 48 hour giowth culture. 


Experimental 

The capacity of a treated 
surface to continue to destroy 
staphylococci, applied as a repeat 
contamination, was evaluated. The 
four designated disinfectants and 
one sanitizer described above were 
subjected to the A.OA.C. Use-Di- 
lution Test procedure up to the 
point of placing the series of 10 
treated steel cylinders into Letheen 
broth In our procedure, the cyl- 
inders, after the 10 minute expo- 
sure to the disinfectant solution, 
were allowed to drain for 10 min- 
utes on sterile filter paper placed 
on a Petri plate. They were then 
recontaminated by dipping into a 
1:100 dilution of a 48 hour serial 
broth culture of S.aureus. The car- 
riers were then placed on sterile 
filter paper in a Petri plate and 
held for 4, 6, 8 hours and overnight 
before placing into Letheen broth 
for 48 hours incubation at 37° C. 
as called for in the regular A O.A C. 
Use-Dilution procedure. Tubes 


Table HX. Effect of Relative Humidity on Self 
Sanitizing Activity of Hard Surfaces Treated 
With Hospital Products 

(Re-Inoculation with S.aureus of Treated A.O.A C. Steel Cylinders) 


No. 

Relative humidity 

of positive tubes per indicated 
Disinfectant 1 Disinfectant 11 

total tubes 
Sanitizer FL 

Nat controlled 

30/30 

0/30 

0/30 

0% R.H. 

30/30 

0/30 

3/30 

33% R.H. 

20/20 

0/30 

0/20 

53% R.H. 

20/2Q 

1/30 

0/20 

75% R.H. 

10/10 

0/30 

0/30 

100% R.H. 

20/20 

0/30 

0/30 


tions for varying periods of time— 

I hour, 1 day and longer— before 
recontamination with a 1:100 di- 
lution of a 48 hour serial broth cul- 
ture of $. aureus. All carriers were 
then held overnight and placed in 
Letheen broth for 48 hours at 
37°C. Data on Disinfectants I and 

II and the Sanitizer are given in 
Table II. Disinfectant I showed 
no activity against recontamination 
while Disinfectant II provided a 
self-sanitizing surface capable of 
activity up to 6-7 days following 
treatment. Sanitizer FL also exhib- 
ited prolonged activity, with treat- 
ed surfaces showing self-sanitizing 
action for at least 3 days. 

The efiect of relative humid- 
ity on the capacity of hospital 
formulations to impart self-sanitiz- 
ing activity to treated surfaces was 
studied. The procedure was the 
same as previously destnbed: The 


Table IV. Activity of Three Hospital Products on 
Different Hard Surfaces Employing Modified 
A.O.A.C. Use-Dilution Procedure 



No. positive tubes per indicated 

total tubes 


samples incubated in Letheen broth 

Surface 

Disinfectant 1 

Disinfectant 11 

Sanitizer FL 

Linoleum— unwaxed 

44/50 

27/50 

- 

waxed 

10/10 

11/30 

20/20 

Vinyl— unwaxed 

50/50 

31/50 

- 

waxed 

20/50 

20/30 

8/10 

Rubber— unwaxed 

50/50 

36/50 

— 

waxed 

10/10 

19/30 

10/10 

Asphalt— unwaxed 

50/50 

50/50 

— 

waxed 

20/20 

24/30 

12/20 

Steel Cylinder 

0/30 

0/30 

10/10 

Fainted plasterboard 

0/20 

0/20 

10/10 

Cerarfiic tile 

0/20 

0/20 

10/10 


showing positive growth evidenced 
by turbidity indicated treatment by 
the disinfectant to be ineffectual. 
Clear tubes signified kill of the test 
organism. Table I indicates that 
only surfaces treated with Disinfec- 
tant II and the Sanitizer have the 
capacity to continue to kill S.aureus 
applied as a recontamination. The 
time required to give complete kill 
under these conditions is between 
4-6 hours for the Sanitizer FL and 
6-8 hours for Disinfectant II. Of 
particular significance is the action 
ol Sanitizer FL which did not pass 
the regular AO.AC. Use-Dilution 
Test only because of the time lim- 
itation of 10 minutes to effect kill 
ol the test organism. 

In a similiar study, the 
cylinders treated with the hospital 
products, according to the A.O.A.C. 
Use-Dilution Test, were held after 
lemoval Irom the disinfectant solu- 
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Figure 1. Hard surface materials employed 

steel cylinders, after being treated 
with the disinfectant, were drained 
for 10 minutes and reinoculated by 
dipping into a 1:1000 dilution of 
a 48 hour serial broth culture of 
$.attreus in 0.1% peptone water. 
One set of treated cylinders was 
observed without controlled rela- 
tive humidity and other sets were 
left overnight in desiccators main- 
tained at the following relative 
humidities: 0%, 33%, 55%, 75% 
and 100% R.H. As can be seen in 
Table III, Disinfectant I is inactive 
at all relative humidities while Dis- 
infectant II and Sanitizer FL arc 
active at all levels. It should be 
pointed out that the desiccators 
were sterilized by ethylene oxide to 
prevent chance contamination 
from moisture condensation at 
high R.H. 

Evaluation on DUierent 
Surfaces 

The antimicrobials were 
evaluated for disinfectant action on 
the following realistic surfaces: 
Linoleum, vinyl, asphalt, rubber, 
ceramic tile and painted plaster- 
board. Tiles were cut into 5 x 30 
mm. samples and each had a hole 
punched out at one end to facili- 
tate transfer by a platinum wire or 
similar device. Figure 1 is a photo- 


Vinyl 

Linoleum 

Asphalt 

Rubber 

Painted plasterboard 

Ceramic tife 

A.O.A.C. steel cylinder 


in the disinfectant testing of hospital products. 

graph of these samples and in Fig- 
ure 2 a tile sample is seen being- 
handled by the bacteriologist. 

The A.O.A.C. Use-Dilution 
procedure was modified slightly, 
since, for the most part, these sur- 
faces could not be treated like 
steel cylinders because of a) their 
susceptibility to the high tempera- 
ture of autoclaving and b) the 


flooring materials used have thick 
backing or felt making inocula- 
tion by total immersion imprac- 
tical. The changes made to over- 
come these difficulties were: 

1) All tile samples were 
sterilized overnight in desiccators 
filled with ethylene oxide. 

2) Inoculation of the sur- 
faces of these tiles was accom- 
plished by platinum loop calibrat- 
ed to deliver 0.001 ml. This gave 
an inoculum of approximately 
100,000 cells, a number found 
on steel cylinders inoculated by the 
conventional A.O.A.C. Use-Dilu- 
tion technique. After loop inocu- 
lation, the tile surfaces were dried 
for 20 minutes in a 37°C. incuba- 
tor. 

The tile samples, in series 
of 10 replicates, were immersed in 
10 ml. of use-dilution of the test 
products for exactly 10 minutes. 
Transfers were then made into each 
of two subculture media, a) A.O.- 
A.C. Letheen broth and b) A.O.- 
A.C. nutrient broth. All tiles were 
incubated for 48 hours. Those 
subcultured into nutrient broth 
showing no growth were re-subcul- 
tured into Letheen broth for an 
additional 48 hours. Results of the 
Letheen broth series appear in 
Table JV. Both Disinfectants I and 



Table V. Activity oi Three Products on Contam- 
inated Waxed Asphalt Tile by Modified A.O.A.C. 
Use-Dilution Procedure 

Samples Held Overnight Before Placing m letheen Broth 

Disinfectant I Disinfectant 11 Sanitizer FI 
No. of positive tubes out of ten 

Treated samples 0 0 0 

placed directly 

into letheen broth 

after holding 

overnight 

Treated samples 8-j- 0 0 

recontaminated 

before holding 

overnight and 

placing into 

Leethen broth 


Table VI. Activity oi Three Hospital Products on 
Different Heard Surfaces Employing Modified 
A.OJL.C. Use-Dilution Procedure 


Surface Disinfectant I Disinfectant 11 Sanitizer FL 

No positive tubes per indicated total tubes 
samples incubated in nutrient broth 


Linoleum— unwaxed 

30/30 

1/30 


waxed 


0/10 


Vinyl— unwaxed 

30/30 

0/30 


waxed 


0/10 

1/10 

Rubber— unwaxed 

30/30 

6/30 


waxed 


2/30 

2/10 

Asphalt— unwaxed 

30/30 

28/30 


waxed 

9/10 

2/10 

0/10 

Steel cylinders 

0/20 

0/20 

0/10 

Painted plasterboard 

0/20 

0/20 

0/10 

Ceramic tile 

0/20 

0/20 

0/10 


II weie effective on hard surfaces— 
steel cylinders, painted plaster- 
board and ceramic tile. However, 
Disinfectant I was inactive on lin- 
oleum, vinyl, rubber and asphalt 
tiles. Disinfectant II showed par- 
tial activity and some evidence 
that it performs better on waxed 
surfaces. Sanitizer FL was not ef- 
fective on any of the surfaces, since 
the Letheen bioth limits the kill 
time to 10 minutes, a period too 
shoit foi Sanitizer FL to act. 

In a limited study. Disinfec- 
tant III, the quaternary-ammon- 
ium halide-based product was 
found to be inactive when checked 
on waxed asphalt while Disinfec- 
tant IV, the iodophor prepaiation, 
gave almost complete kill. 

To determine whether the 
treated poious surface (waxed as- 
phalt), il given sufficient time to 
act, will kill the test organism, the 
following test was uur. Waxed as- 
phalt tiles weie contaminated by 
loop with S.amcus and tieated 
witli the disinfectant preparation. 
Before being placed into Letheen 
bioth, the tiles were allowed to 
stand overnight. After 48 hours’ 
incubation, all tiles treated with 
Disinfectants I and II, and Sani- 
tizer FL were found free of staphyl- 
ococci, indicating kill on prolonged 
contact (Table V) . If the treated 
tiles are recontaminated before be- 
ing held overnight, the results 
show tiles treated with Disinfectant 
II and Sanitizer FL to have the 
capacity to destroy the second inoc- 


ulum of S aureus. Disinfectant I 
fails m this case (Table V) In a 
separate test, Disinfectants III and 
IV were observed to fail in the 
re-inoculation study of treated 
waxed asphalt. 

In the nutrient broth series 
(Table VI) , Disinfectants I and II 
as well as the Sanitizer FL were ef- 
fective on the hard surfaces— steel 
cylinders, painted plasterboard and 
ceramic tile. However, there were 
significant differences in activity on 
the porous tiles. Disinfectant I 
failed again while Disinfectant II 
and Sanitizer FL were, for the most 
pan, effective. Of particular inter- 
est was the increased activity of 
Disinfectant II on waxed asphalt 
com pai ed with unwaxed asphalt. 

Discussion, Conclusions 

Four hospital disinfectants, 
different in composition and sim- 
ilar in action in the A O.A.C. Use- 
Dilution Test, were found to differ 
in antibacteiiai action in other 
tests simulating use conditions. In 
fact, Saniti/er FL, which does not 
qualify as a disinfectant under ex- 
isting standards, is superior in ac- 
tion in these tests to some disin- 
fectants which do so qualify. 

Several of the findings, re- 
ported have an important bearing 
on the hospital performance char- 
acteristics of disinfectants; 

1. Hard surfaces treated with 
a disinfectant can— for a reasonable 
period of time— continue to destroy 
subsequent contamination. Sur- 


prisingly, some disinfectants 'which 
destroy staphylococci on contact 
(within 10 minutes) do not render 
treated surfaces self-sanitizing viz., 
able to kill new additions of 
staphylococci. 

2. Of the five hospital prep- 
arations tested only Disinfectant II 
and Sanitizer FL demonstrated self- 
sanitizing activity at all relative 
humidities checked. 

S. The self-sanitizing prop- 
erties of steel surfaces treated with 
Disinfectant II last up to 6 days 
and, in the case of Samti/ei FL, 
somewhat shorter. Such treated 
surfaces become an important tool 
in combating cross-contamination 
known to exist in hospitals. 

4. We employed conditions 
stipulated in the A.O A.C. Use-Di- 
lution Test with only minor modi- 
fications m sample preparation and 
inoculation technique. We made 
the lathei disturbing discover) 
that poious surfaces such as vinyl, 
linoleum, asbestos, and rubber can- 
not be disinfected within the le- 
quired 10 minutes. This applies to 
all hospital preparations tested. 
However, if Letheen broth is re- 
placed by nutrient broth which 
permits continued action by the 
germicide, Disinfectant II and San- 
itizer FL will destroy the staphyl- 
ococcal inoculum almost complete- 
ly. Disinfectant I fails in nutrient 
broth. 

In another series of experi- 
ments the porous tiles treated once 
with the disinfectant preparations 
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vseie allowed to stand overnight be- 
fore being placed into Letheen 
bioth. Thev destroyed the test or- 
ganism completely. Disinfectants 1 
and 11 and Samtuei FL vveie ef- 
iective undei these conditions. 
Howevei, if the porous tiles are 
lecontaminated immediately with 
S, aureus, before being allowed to 
stand overnight. Disinfectant I 
tails, while Disinfectant II and San- 
itizei FL provide complete protec- 
tion. 

The importance of these 
findings lies in the observation that 
a 10 minute period for hill action, 
as required m the A.OA.C Use- 
Dilution Test on steel cylinders, is 
insufficient to kill S.aureus on real- 
istic porous surfaces. Apparently, 
penetration of porous surfaces is 
a very important consideration in 
the evaluation of disinfectant ac- 
tion by hospital antibactei ials. A 
Minimal)' ol lesults obtained m the 
\ at ious tests described is given in 
1 able VII. All disinfectants tested 
ate siniilai m action on hard and 
impel \ ious surfaces like steel, 
painted plasterboard and ceramic 
tile. Disinfectants differ in their 
action on porous surfaces, some 
showing poor activity. They also 
differ in their ability to provide 
self-sanitizing properties to hard 


sui laces. Intel estingly enough. San- 
itize FL, although not active m 
the Standard A.O.A.C. Use-Dilu- 
uon Test, is stipend to some dis- 
inlectants m the modified tests. 

The difference in activity of 
disinfectants tested on porous vs 
unporous sui faces w T as pointed out 
also m an interesting paper by 
Waltei and Fons on “Antibacter- 
ial Residuals on Inanimate Sur- 
faces” given at the 49th Annual 
Meeting of CSMA in Washington, 
D C (4) Phenolic disinfectants 
were found active on glass slides 
contaminated with a dry inoculum 
ol the test organism in talc powder, 
but were not active when tested on 
similarly contaminated vinyl as- 
bestos. These authors also observ ed 
that activity was pool at low rela- 
tive humidity in conti ast to some 
ol the lesults given in this report. 
'1 lie difteience is probably due to 
the fact that Waller and Foiis em- 
ploy a thy inoculum on a talc cai- 
nci making it difficult loi the ies- 
ldual disinfectant left on the sui- 
fate to i each the test organism ef- 
fectively. 

About two yeais ago, Red- 
dish (5) stiessed the importance of 
performance tests in the evaluation 
of germicidal preparations for use 
in hospitals He suggested that pei- 


loi mance tests should be employed 
in determining the effectiveness of 
all disinfectants, and label claims 
and dncctions tor use be based on 
results liom such practical tests 
Because of the many difficulties in- 
volved in conducting actual per 
lormante tests in hospitals, the al- 
ternative is to predict use proper- 
ties ol disinfectants by laboratory- 
tests that simulate more closely 
the performance of disinfectants in 
hospitals. 

In conclusion, the official 
A.OA.C Use-Dilution Test is an 
important primary evaluation in 
the regulatory testing of disinfec- 
tants. However, additional prac- 
tical information on disinfectants 
and sanitizers can be obtained by 
evaluating their antibacterial activ- 
ities on different haul surfaces and 
detei mining the activity of treated 
sui laces exposed to Hicontamina- 
tion Results show that hospital 
piepaiations, classed as disinfec- 
tants unclet the conditions of the 
A O.A.C Use-Dilution Test, do 
show- chlteiences in disinfecting and 
self-sanitizing activities in tests de- 
scnbed in this leport. 
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Table VII. Summary of Antibacterial Activity Ratings* ol Hospital 

Products 




Disinfectants 



Tails 

1 

11 

111 

IV 

Sanitizer FL 

Official A.O.AC. 






Use-Dilution Test 

A 

A 

A 

A 

NA 

Recontamination control 






Steel cylinders 

NA 

A 

NA 

NA 

A 

Asphalt 

NA 

A 

NA 

NA 

A 

A.O„A.C-type test 






I Letheen 
j nutrient 

NA 

PA 



NA 

NA 

A 



A 

1 Letheen 
l-nol.™ J 

NA 

PA 



NA 

NA 

A 



A 

) Letheen 
ll " bb * r J nutrient 
) letheen 

A ’P ha " J nutrient 

Painted plasterboard 

NA 

PA 



NA 

NA 

A 



A 

NA 

PA 

NA 

A 

NA 

NA 

A 

NA 

A 

A 

A 

A 



** 

Ceramic tile 

A 

A 



** 

Steel cylinder 

A 

A 



** 


*Batmss* A. active. PA, partly active. NA. not active; ** m nutiient broth only. 
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Testing Sterilizers, Disinfectants, 
Sanitizers and Bacteriostats 


I N THE regulation of sterilizers, 
disinfectants, sanitizers, and 
bacteriostatic materials recom- 
mended for use m the inanimate 
environment, judgments as to 
compliance with efficacy require- 
ments of the Federal Insecticide, 
Fungicide and Rodenticide Act 
are made largely on the basis of 
laboratory test data In the en- 
forcement of the law, samples 
collected from interstate ship- 
ments by official inspectors are 
tested m the Microbiological 
Laboratory of the Pesticides Reg- 
ulation Division ( PRD ) . Where 
applicable, methods of Asso- 
ciation of Official Analytical 
Chemists are used. However, if 
no available AOAC method is 
considered applicable, simulated 
use methods are employed. Fail- 
ure in these tests usually provides 
positive evidence that a product 
will fail in a given recommended 
application. However, effective 
performance in these tests usu- 
ally falls considerably short of 
providing adequate assurance 
that a product will, in fact, give 
effective performance m the 
same application. This discrep- 
ancy can, in certain respects, be 
alleviated by increasing the num- 
ber of samples and replicate de- 
terminations on individual sam- 
ples. Thus, when the test 
methods employed in the PRD’s 
enforcement program are used 
by applicants for registration to 
satisfy the documentary evidence 
on efficacy now required, it is 


* Dr Stuart is chief staff officer. 
Disinfectants Evaluation Staff, Pesticides 
Regulation Division, Agricultural Research 
Service, United States Department of Agri- 
culture. Paper presented Mav 20. I960 
during 55th midyear meeting. Chemical 
Specialties Manufacturers Association, Chi- 
cago. 


By L S. Stuart* 


essential to conduct sufficient 
testing to establish at the 95 per 
cent confidence level that the 
product will be effective as 
claimed with a representative 
sample. Also, the manufacturer 
must insure that he can replicate 
the preparation and that it will 
possess sufficient shelf-life to be 
effective as long as the product 
is offered for sale. 

It is perhaps unfortunate 
that the amount of replication 
required to provide a 95 per cent 
confidence level with biological 
testing methods is much greater 
than bacteriologists have been 
accustomed to do or even admit. 
Thus, the upgraded documen- 
tary requirements for efficacy as 
outlined by Dr. Harry W. Hays, 
director of PRD, last December 
have been labeled by some as 
harsh and unrealistic. Some re- 
evaluations on this score with the 
U.S. Department of Agriculture’s 
Biometrical Services have per- 
mitted certain modifications, but 
for the most part the proposed 
testing schedules will remain as 
basic requirements for the regis- 
tration of new products. Manu- 
facturers also will be required to 
develop equivalent documentary 
evidence for existing registration 
files. 

A study of our enforce- 
ment records with products in 
this category has clearly revealed 
a level of violation from an effic- 



acy standpoint greater than the 
administration is willing to ac- 
cept and this is the preferred 
action to correct this situation. 

In evaluating sterilizing 
and sporicidal claims, the PRD s 
laboratory employs the AOAC 
sporicidal test. In this method, 
vacuum dried spores of specified 
strains of Bacillus subtUis and 
Clostridium sporo genes are em- 
ployed. Two types of surface car- 
riers are provided, porcelain 
penicylinders and surgical silk 
suture loops. Thirty replicates 
with each organism on each car- 
rier are required for the condi- 
tion of exposure recommended. 
Thus, a total of 120 carriers is 
needed for each set of exposure 
conditions involving time, tem- 
perature, and/or pretreatment 
routines to be evaluated. An ex- 
posure temperature of 20° C is 
a prescribed constant for chem- 
ical solutions unless a manufac- 
turer clearly reveals that added 
heat is a prerequisite for efficacy. 
The incubation time is 21 days, 
followed by an additional 72 
hours after a stipulated heat 
shock to eliminate possible error 
due to the presence of viable 
dormant spores. 

Applicants for the regis- 
tration of chemicals under labels 
bearing a sterilizing claim must 
submit data by this procedure on 
three different preparations of 


Pesticides Regulation Division’s testing program 
requires 95 per cent confidence level in product’s 
efficacy. Manufacturer must insure that shelf life 
lasts as long as product Is offered for sale. 
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the proposed formula and on 
duplicate samples of one for- 
mula following a 60-day shelf 
hfe study. This adds up to a 
total of 600 tubes. However, the 
absolute nature of a sterilizing 
claim is such that this cannot be 
considered an unreasonable re- 
quirement 

The basic feature of this 
test is that it starts with the vacu- 
um dried spore. This has been 
found essential for replication of 
results in processes involving 
both gaseous and liquid chemical 
preparations. 

With germicides, bacteri- 
cides, and disinfectants recom- 
mended for environmental sur- 
faces, PRD employs results 
obtained in the AOAC use-dilu- 
tion method as the primary index 
to efficacy. The number and na- 
ture of the test organisms em- 
ployed depends upon the claims 
made and the areas of use 
recommended. 

Minimal Claims 

Where minimal claims 
such as “germicide,” “disinfect- 
ant,” or “bactericide” are all that 
are involved — and the areas of 
recommended use are limited to 
those situations where effective- 
ness against Gram negative en- 
teric bacteria is of primary im- 
portance and lack of efficacy 
against other species may not be 
a critical factor — tests using the 
single organism Salmonella chol - 
eraesuis are all that is required. 
In this situation, 60 replicates on 
three preparations with 30 rep- 
licates on duplicate samples of 
one of these preparations after a 
60-day shelf life study have been 
specified as minimal require- 
ments for registration for the con- 
centration of the product recom- 
mended for use. This adds up to 
a total of 240 carriers. 

The basic feature of this 
test is that a direct evaluation 
is made on the concentration of 
the product recommended to dis- 
infect rather than an evaluation 
of an indirect type such as is pro- 
vided by the AOAC phenol coef- 
ficient method. This is a carrier 
procedure employing stainless 
steel rings. The exposure tem- 
perature is 20°C, the exposure 


time is 10 minutes. Both resub- 
culture and subculture media 
containing neutralizers are pre- 
scribed if necessary to overcome 
false results due to a carry-over 
of bacteriostatic concentrations 
of the chemical under test. 

" General Disinfection " 

With germicides recom- 
mended for “general disinfection” 
or for which representations such 
as “broad spectrum” are made, 
applicants for registration are re- 
quired to submit the data as spe- 
cified above for products bear- 
ing a minimal claim. In addition, 
data using the same procedure 
on three preparations employing 
two other test species, Staphyl- 
ococcus aureus and another or- 
ganism elected by the applicant, 
are required. In these cases, 30 
replicates for each organism and 
each preparation will suffice 
For this type of product a total 
of 420 carriers is required. 

With germicides recom- 
mended for disinfection in hos- 
pital clinics, dental offices, vet- 
erinary hospitals, and as adju- 
vants to medical and veterinary 
medical practice, the primary 
test organism is Staphylococcus 
aureus. Here, applicants for reg- 
istration are required to submit 
data using 60 replicates on three 
preparations with this test or- 
ganism and on 30 replicates each 
on duplicate samples of one of 
these preparations after a 60-day 
shelf life study. In addition to 
this evaluation, tests using both 
S . choleraesuis and Pseudomonas 
aeruginosa also must be sub- 
mitted on each of the three prep- 
arations using 30 replicates each. 
Thus, as in the case of the “gen- 
eral disinfectants” and “broad 
spectrum” products, a minimal 
requirement of 420 carriers is 
involved. 

A product which is not 
effective against Pseudomonas 
aeruginosa may be accepted for 
registration bearing hospital, 
medical, dental, clinical, and vet- 
erinary representations. In this 
case, the label must bear a 
prominent disclaimer to this 
effect. If it is only effective 
against this organism when ap- 
plied at special concentrations 


or in a special manner, then the 
label disclaimer may be replaced 
by the special directions needed 
to assure efficacy against this or- 
ganism. 

If an unqualified phenol 
coefficient claim is made on the 
labels of any of these products, 
duplicate determinations on one 
preparation using Salmonella ty - 
phosa must also be submitted. It 
should be pointed out that if 
this claim is made, the maximum 
dilution recommended to disin- 
fect may not exceed that repre- 
sented by one part of product to 
a number of parts of water, de- 
termined by multiplying the 
phenol coefficient number by the 
figure 20, regardless of the ef- 
ficacy found in the AOAC use- 
dilution procedure. 

If a claim for efficacy 
against pathogenic fungi is made 
for any of these products, data 
on duplicate samples of one 
preparation using the AOAC 
fungicide test also are required. 
This is an adjusted dilution tube 
test rather than a carrier pro- 
cedure. 

If a claim for effectiveness 
against the organisms causing 
tuberculosis is made, tests on one 
preparation using the AOAC tu- 
berculocidal test also must be 
submitted. 

Germicidal Sprays 

With germicidal sprays, 
including pressurized spot dis- 
infectants, the requirements for 
sample numbers and replication 
are the same, except that the use- 
dilution method is replaced by 
the AOAC germicidal spray test. 
The single deviation here is that 
evaluations for effectiveness 
against the spread of pathogenic 
fungi are made by spraying the 
test slides, rather than by the 
AOAC fungicide method. 

Added claims for ef- 
fectiveness against specific or- 
ganisms other than those in- 
volved in the tests specified 
above, can be accepted only 
when supported by data on at 
least one preparation with 30 
replicates, using such modifica- 
tions of the procedures specified 
as may be necessary to provide 
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meaningful results. With fastidi- 
ous organisms, special test cul- 
ture media, enrichment subcul- 
ture media, etc, are frequently 
required to provide meaningful 
results. 

Claims for effectiveness 
against viruses or specific viruses 
must be supported by data on at 
least one preparation against the 
specific viruses named according 
to accepted virological tech- 
niques. Standardized procedures 
have not been developed in this 
area to a point where PRD feels 
justified in making specific rec- 
ommendations. With the tissue 
culture procedures now being 
evaluated, a basic problem for 
accurate estimations as to the 
concentration of a product nec- 
essary to inactivate a virus ir- 
reversibly, or eliminate live virus, 
is the testing of undiluted or low 
dilutions of the virus-test chemi- 
cal-mixtures so that accurate dif- 
ferentiations between the cyto- 
toxic effects of the chemical and 
the cyto-pathogenic effects of the 
virus can be made. Preferential 
adsorption techniques with the 
exposed virus-chemical mixtures 
can apparently be employed ef- 
fectively to resolve this problem 
but further standardization as 
to detail is necessary. 

With iodophors, mixed 
halide preparations and organic 
chlorine-bearing chemical form- 
ulations recommended as germi- 


cidal rinses for previously 
cleaned, hard, nonporous sur- 
faces, the PRD continues to rely 
on the AO AC available chlorine 
germicidal equivalent concentra- 
tion procedure. Data showing 
the concentrations of the formu- 
las equivalent in activity to the 
reference standards of 50, 100, 
and 220 ppm of available chlor- 
ine as sodium hypochlorite are 
required for registration. The 
test organism here is Salmonella 
typhosa. For registration, data on 
three separate preparations are 
required. Also, data on duplicate 
samples of one preparation after 
a 60-day shelf life study are nec- 
essary. 

With quaternary ammon- 
ium sanitizers and anionic de- 
tergent-acid formulations recom- 
mended for similar applications, 
data on the same number of 
samples by the AOAC germi- 
cidal detergent sanitizer method 
are required. This same method 
is employed by PRD in evaluat- 
ing hard water tolerance claims 
for products of this type. Data 
on duplicate samples of one 
preparation must be submitted 
to support a registration repre- 
sentation in this connection. 

In the regulation of swim- 
ming pool water disinfectants, 
the Division employs the AOAC 
swimming pool water disinfect- 
ant method. For registration, 
data on three preparations with 


the two test organisms Escheri- 
chia coli and Streptococcus fae - 
calls and bO-day shelf life studies 
on duplicate samples of one 
preparation with E, colt must be 
submitted. This is a germicidal 
equivalent procedure m which 
the activity of the commercial 
product is directly compared to 
a prescribed NaOCi control. 

Additional standardized 
testing methods are needed for 
use with products recommended 
for applications m which the pro- 
cedures identified above are not 
applicable. Sufficient progress 
has been made in developmg a 
method for evaluating laundry 
disinfectants, sanitizers and bac- 
teriostatic agents so that a tenta- 
tive procedure should be avail- 
able by early next year. Studies 
to standardize virucidal methods, 
air-sanitizing test procedures, 
and a technique for determining 
disinfecting and sanitizing effi- 
cacy in rug and carpet shampoos 
have been initiated. 

The PRD realizes that the 
success of both its registration 
and enforcement programs will 
hinge largely upon the intelli- 
gent selection and application of 
available testing methods to the 
specific situations involved. A 
comprehensive understanding 
with regards to these selections 
and applications at the time of 
registration should materially 
minimize subsequent enforce- 
ment difficulties. 
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Organotins: Biological Activity, Uses 

Organotins show promise for a wide range 

n of household and industrial applications- 

Among them: bactericides, repellents for 
rodents, agricultural foliage fungicides- 

By Robert J. Zedler and Charles B. Belter*. 

Metal & Thermit Corp 
New York 


RGANOT1NS me chemi- 
cals in which at least one 
carbon to tin bond exists 
The first of these substances w*as 
described by Lowig in 1852. (7) 
However, interest in this area of 
chemistry w-as not great until after 
1945. The use of compounds such 
as dibutyltin oxide and dibutyltin 
dilaurate as heat and light stabi- 
lizers for polyvinyl chloride plas- 
tics and the use of tribenzyl and 
other tins as rubber antioxidants 
encouraged continued research on 
these unique compounds Many 
patents have now been issued on 
organotins as oil additives and 
more recently on their use as cata- 
lysts for silicone elastomers and 
for polymerization of olefins and 
methane foam. 

This paper will be confined 
to the biologically active organo- 
tins and more specifically to their 
use as industrial preservatives, al- 
though agricultural and indent re- 
jxllent properties w ill be included 

T not ga not ins as Anti micro - 
buih C, J. Faulkner of the Tin 
Research Institute (5) and G. J. 
M \an der Kerk and J. G. A Lu- 
ijten of the Institute for Organic 
Chemistry T.N.O of Holland, un- 
der the sponsorship of the Tin Re- 
search Institute (8) , were among 
the first to recognize the fungistatic 
activity of triorganotins. The pie- 
liminaiy study was conducted with 
ethyltins as indicated in Table I 

•Paper presented during 46th annual 
meeting, Chemical Specialties Manufacturers 
Assn.. New York, Dec 6. 1361. 

MARCH, 1962 


1>\ van dci Keik and Luijten (8) 
It should be first noted that 
tin is not active cither in a stannic 
or stannous ion state. This is un- 
usual behavior because such metals 
as /me, mercury-, copper and cad- 
mium aie known to have fungi- 
cidal activity, even though their 
biological activity increases with 
certain organic configurations. 
This is not so with tin. Secondly, 
it is obvious that the R { Sn moiety 
is by far the most active. This same 
picture prevails with trialkyl tins 
other than triethyltms The chain 
length of each alkvl group should 
not be longer than five carbons or 
shortei than two when considering 
the symmetrical types. For exam- 
ple, tii-n-hexy bins and trimethyl- 


TETRAETHYLTIN 

(CzH^Sn 

50 

TRIETHYLTIN 

CHLORIDE 

fCzHslsS” 01 

05 

DIETHYLTIN 

DICHLORIDE 

(CaHa) 2 SnCI 2 

too 

ETHYLTIN 

TRICHLORIDE 

C^SnCl* 

> 1000 

STANNIC 

CHLORIDE 

SnCI 4 

> 1000 

STANNOUS 

CHLORIDE 

Sf»CI 2 , 2H 2 0 

> 1000 


tins aie only mildh active against 
fungi 

Van cler Keik fuither com- 
ments that the electionegative por- 
tion of the molecule, or X portion 
of the typical R,SnX compound 
does not radically affect its activitv 
against fungi. Howevci, substitu- 
tion in the X position can change 
chemical and physical piopeities of 
the compound. This certainly may 
affect periotmance undei use con- 
ditions. 

Up until this point we have 
been discussing the work of Faulk- 
ner, van der Kerk and Luijten and 
the biological lesponses have been 
limited to fungi. The trialky kins 
are excellent bactei iostats but, as 
would be expected, there is vaiia- 


> 1000 

100 

100 

2 

5 

2 

100 

500 

200 

> 1000 

> 1000 

> 1000 

> 1000 

> 1000 

> 1000 

> 1000 

> 1000 

> 1000 
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TABLE I 


INFLUENCE OF THE NUMBER OF ALKYL GROUPS 
DIRECTLY ATTACHED TO THE TIN ATOM ON THE 
FUNGICIDAL PROPERTIES OF ETHYL COMPOUNDS 


COMPOUND 


NAME 


FORMULA 


CONCENTRATION (ppm ■mg /I ) CAUSING COMPLETE 
INHIBITION OF GROWTH OF THE FUNGI 

BOTRYTIS PENICILLIUM ASPERGILLUS RHIZOPUS 
ALLII ITALICUM NIGER NIGRICANS 


200 



lion m pei forma nee defending 
upon the structure invoKed. As can 
be seen in Table II. best control 
of gi am negative bacteria results 
uith trieth> 1 and iri-n-propyl de- 
math es. This is important with 
main pieservation applications, 
wheie control of the complete spec- 
trum is essential. It is also interest- 
ing to note that the trimethyls are 
relatively ineffecti\e bacteriostats 
and fungistats 

Toxicology of Tiwiganotins 
h is unusual that metallic tin and 
moi ganic tin salts aie considerably 
less toxic than many of the organic 
tin compounds Foi example, the 
use of tin loi plating food-contain- 
mg cans is indicate c of its safety 
“The unofficial maximum permit- 
ted ie\el in the United Kingdom 
is 250 ppm lepoit Baines 8. 
Siontr (1) The use of stannous 
chloiide as a stabili/ei foi certain 
foods and of stannous fluoiide m 
clem if nee ftuthei suppoits this 
thesis 

Oiganotms aie of \ai\ing 
toxic its Oui discussion will be 
limited to the tiidkyltms since 
these aie ot gieatest impoitance as 
antimiciobials \s an indication of 
oidei of magnitude. Table III pie- 
paicd b\ Baines 8: Stonei (2) will 
he of interest 

\s might be expected Itom 
then bacteriostatic activity, the 
lowei trialkyls aie most toxic 
Howes ei. the liter a tuie does show 
considerable vaiiation m toxic its 
and only older of magnitude has 
been fiimly established 

The tnbutsltins c hai ac ter i/ed 
hs “bioMeT"* and “TBTO’’*. 
brs (tii-n-butyltin) oxide, hast* 
been studied quite thoroughls, 
howesei The acute oial Ll)-„, on 
pits is appioximately 200 mg kg 
Foi companson, phens Inter cuiic 
acetate when applied by the same 
mute has an LD„, of mg kg 
au oiding to Ram}) and Giiei (0) 

'I he acute deimal LD,„ established 
on albino labbits foi “TBTO’ is 
m the lange c>l 11,700 mg 'kg In 
its undiluted ioim <95°,,). “TB 
'l O’ is a pnmais skin nntant and 

♦Trademarks of Metal & Theimit Coi- 
t«tratit>n 
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TABU TL 

INFLUENCE of group r on the bacteriostatic 
PROPERTIES OF TRIORGANOTINS 


CONCENTRATION (ppw-mg/i) CAUSi N6 COMPLETE 
INHIBITION OF GROWTH OF THE ORGANISM 

COMPOUND P FUN1CUL0SUM C ALBICANS $ AUREUS P. AERUGINOSA 

NAME FORMULA (FUNGUS) /rgAST- LIX£\ /GRAM POS \ /GRAM NCSA 

\ ORGANISM } \ BACTERIA / \ BACTERIA J 


TR1METHYLTJN 

CHLORIDE 

(CHsijSRCI 

500 

500 

> 500 

250 

TRIETHYLTIN 

(CiH&SnCI 





CHLORIDE 

16 

16 

16 

16 

TRl-n * PR0PYLTIN 
CHLORIDE 

(CsHtJsSrCI 

I 

05 

8 

31 

TRt-n-BUTYLTlN 

CHLORIDE 

((^H^SnCI 

4 

<0 125 

2 

> 500 

TRl-n-AMYLTIN 

ACETATE 

(C 5 H„) s SnOOCCH s 

250 

8 

, 

> 500 

TRl-n-OCTENYLTlN u % e 

CHLORIDE (CtHg^SnCl 

>125 

>125 

- 

> 500 

TRIPHENYLTIN 

CHLORIDE 

(CcHs^SnCl 

8j0 

< 2 

1 0 

> 500 


perhaps a skin sensitizer. Howesei, 
extensise tests hast* established that 
less than 500 ppm on a textile has 
no ads else effects on the skin. 

Trforganoflns Applications 

ll ntn Treatment. There aie 
thiee majoi aieas of lndustiial wa- 
ter tieaunent which lequire the use 
oi biocides foi the elimination of 
slimes caused by bacteria, fungi 
and algae These aie paper nulls, 
mdustiial cooling water and sc a ter 
used for secondais lecoseiy of oil 
Combinations of “TBTO ’ and 
quaternaries base shown })articulai 
meiit especially loi mdustiial cool- 
ing scaler T he quater nary solubil- 
izes the “TBTO” m water and 


also broadens its spectium against 
bacteria. “TBTO’ enhances the 
control of fungi and algae Formu- 
lations of one part “TBTO” to 
four oi five pans of a quaternais 
aie in common use texlay. 

The laboratory data in 
Table IV compute this type of 
formulation with “TBTO” and 
the quat alone in an emiched pulp 
sluiiy Also, the impiovccl contiol 
with bis (tn-n-propyltin) oxide 
when compaied with the tri-n-butyl 
derisatise should be noted 

Wood picsenmlwn: Appiox- 
imate threshold s alues of “TBTO” 
loi seseral majoi svoch! digesting 
fungi base been established by G. 
B Fahlstiom of the Osmose Wood 


TABLE ill 

THE TOXICfTY OF SINGLE DOSES OF 
TRfALKYLTIN ACETATE 

Uso 


ALKYL GROUP 

METHYL (ACQUEUS SOLUTION 

ETHYL 

r-PHOPYL 

ISO-PROPYL 

ft -BUTYL 

r>- HEXYL 

n-OCTYL 


(MG ACETATE PER KG BODY WEIGHT ) 
) 91(70-1181 

40(29-55} 

118 3 ( 90 3-142 4) 

44 I (36 1-53 9) 

380 2 (238.1-6073) 

10000 
> 10000 


EXCEPT WHERE OTHERWISE SHOWN THE COMPOUNDS WERE 0ISS0LVED 
IN ARACHI5 OIL AND GIVEN BY MOUTH TO FEMALE RATS (APPROX 200 G 
800Y WEIGHT) THE GROUPS WERE KEPT FOR AT LEAST G ANO UP TO 21 
WEEKS AFTER ADMINISTRATION ANO THE LDso CALCULATED BY WEIL’S 
( 1952) METHOD THE 95% CONFIDENCE LIMITS ARE SHOWN IN PARENTHESES 
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TABLE 33? 


CONCENTRATION ( PPM$= MG./I.) CAUSING 
INHIBITION OF GROWTH OF THE ORGANISM 
IN RAPER SLIME EVALUATION 


COMPOUND 

B. MYC01DES 

A. AEPOGENES 

P. AERUGINOSA 

BlS(TRl-n -BUTYLTf N )0XIDE 
( broM«T* TBTO*) 

<10 

500 

>500 

bioMeT TBTO PLUS QUAT. 

I 

100 

100 

QUAT. 

1 

100 

500 

BISfTRI-ii-PROPYLTlN) OXIDE 

1 

100 

500 

TRICHLOHO PHENOL 

10 

100 

500 

ACROLtEN 

< 50 

100 

50 


* TRADEMARK 

TESTS WERE CONDUCTED IN AN ENRICHED PAPER PULP SUBSTRATE 
BACTERIAL COUNTS WERE ESTIMATED AFTER 24 HOURS USING A 
STANDARD PLATE COUNT TECHNIQUE 10 


Piesemng Company of Amenta. 
Inc In hit papct presented at the 
1958 meeting of the Ameiican 
Wood Picservers* Association, the 
data m 1 able IV A wreie piesentetl 
The sensitivity of I nitmus 
hpadeits (Madison 53*4) to “TB 
TO’ was so gi eat it was not in- 
cluded in this studs Howevei, sub- 
sequent investigation has shown 
the thieshohl against this oi gun ism 
to be between 0007 and 0.010 
Ibs.cu ft This tertainly suggests 
that combinations with oeosote 
might he useful to assist m con- 
tinuing this impmtant wood de- 
stiny ing organism 

Out dom stake tests using 
“T BT O'* alone aie now in ping- 
less Until extended sen ice lesults 
aie available, a letemion ol 0 03 
to 005 lbs / tu ft is suggested as 
an impiegnation u eat mem T he 
effect of these levels on let mites 
is liemg evaluated as aie combina- 
tions of **T BIO* with alchm and 
diddrm 

TMU OTA 

TOXIC THRESHOLD USING SOIL BLOCK 
TECHNIQUE ( UNWEATHERED ) - bio Me T* TBTO* 
CONTENT 1H LBS /CU FT 
MADISON «f r MADISON (N 

ttwztTEs t mac* pom* monticoca 

OOfS* -00264 0 0053-0 0150 


! BTO lends itself to wa- 
tei lepeilent foimuiations foi tieai- 
ment ol nullwoik and use bv home 
owneis *TBTO ’ at 0 S ,r fl in min- 
ei «i 1 sj>ii its meets oi exceeds the 
pel lot mam e icquiiement of the 
Xationd Woodwork M iiiulac tui - 
ei s Association. Inc and I*edc*i.d 
Spec ihc »iu n I 'I -W-572 Such foi- 
mul.Ktons aie colot less and can be 
punted mei without difhcultv An 
example of these ptocfucts aie the 
ini initiations now sold bv tin* 
Osmose Woe d Piesemng C ompm 
of Vineiit i. Inc , punned m Hg- 
ui e f 

Its watu iiisoiubihtv and 
adsoipnou to cellulose suggests use 
ol *T BT O in .t maunt emit em- 
inent I cms indicate that successful 


control of marine boicis and 
nmm can be obtained foi ovei two 
vears when wooden panels are im- 
pregnated with 0 27 lbs |>er c ubu 
foot {!>) 

Use techniques foi mat me 
wood preservation include dip and 
finish applications in addition to 
impiegnation \ 2 <, 0 solution m 
suitable solvents applied to a new 
wooden boat hull will piotect it 
even il aiui-louling paint is acci- 
dentallv lemoved The data pre 
sented in Table V demonstrates 
this tvpe of situation One brush 
coat ol * I BT'O was applied in a 
solution consisting of nine pans ol 
fuel oil to one pan ol mineial 
spmts at the levels indicated Two 
coats of anti-fouling paint vveie ap- 
plied altei tieatment oi the wood 
with this solution and two one-inch 
holidavs Ieh 

Authl'oulm g limits Paint 
lot initiations containing “TBTO 
have conti oiled manne oiganisms 
loi as long as high-level cupious 
oxide paints * TB 1*0 ’ lates ol ap 
plication *u e also competitive with 
copious oxide Like these coppei 
based paints, i ? h paint toimulation 
used h cl a piolotind ellect on 
I KIOs biological activuv, an I 
it should be chosen with eaie In 
general, lates ol 15 (, ( , ‘TBTO 
based on solids content aie icquned 
lc i good contiol of fouling Figuu 
II is «i dosage semes which detei 
mined this dice live level Testing at 
low ei lates in combination with 
cupious oxide is enc mn aged il In- 
ch ends oi algae aie a pioblcm 

The ad vam.iges oi *i 1 B 


Figure I. Examples oi water repellent formulations made by Osmose Wood Pre- 
serving Co. of America. Inc., for treating rmllwork. and for home owners' use. 
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Figure Q. Dosage series which determined effective level of 15% "TBTO" based 
on solids content for good control of fouling in anti-foulmg paints. 


1 0“-bascd ami-fouling paint aie 

(1) complete fieedom of tolot, 

(2) ease of manufacture because 
it is soluble in most organic sol- 
vents and no funding of the ami- 
fouling ingiedient is necessaiv, (3) 
“TBTO” is bioad m conti ol s]>e(- 
iium, and (4) marine borer con- 
trol rs possible with thinned coats 
Relief from conouon problems i\ 
.mother probable advantage De- 
tailed tests are in progress on alu- 
minum and steel to further studs 
this aspect of “TBTO” anti-fouling 
paints 

Mildew Contiol ni Paint 
Laboratory tests conducted b\ \r 
nold and Clark (1) indicate that 
250 ppm of “TB1 O is outstand- 
ing for mildew control in a polv- 
wml acetate emulsion paint Our 


lesults indicate that higher levels 
are necessary especially in oil paint. 
Preliminary laboratory results with 
bis (tri-n-piopvltm) oxide have 
shown that it is more active than 
'1 BTO nr emulsion paints and 
is equal to phenylmercuric oleate. 
These data are presented in Table 
VI. 

Textile r Chemicals which 
will prevent odor, germs and mil- 
dew on clothing, bedding and sim- 
ilar items have become useful tex- 
tile sales tools “TBTO” \ resist- 
ance to washing has plated it in a 
predominant position as a “perma- 
nent ’ bacteriostat and fungistat 
\ppIications can be made as a fin- 
ish, in the manufacture of a svu- 

TABLE 21 


thetic fiber or in a detergent or 
textile softener. “TBTO” is not 
affected by sodium perborate or 
sodium hpyochlorite bleaches. 

In addition to use as a puii- 
fvmg chemical for textiles, there 
is a large market for rot proofing 
products for use on awnings ami 
tenting However, “TBTO’' has 
not performed successfully for this 
application We have conducted 
extensive studies with a large 
number of trjorganotins and have 
found that the triphenyl tins are 
more piomising for this use. Out- 
door weathering tests are rejxrrted 
in Table VII. 

Home and Institutional 
Get inindes Staphylococcus auicus 
80 81 is very susceptible to “TB 
TO * In addition, the compound 
is extremely persistent anti resists 
washing Because of these advan- 
tages, “TBTO” has found a place 
m formulations especially with 
quaternaries marketed for hospital 
treatment These formulations are 
used on air filters, in mop water, 
waxes, laundry washes, and for spot 
disinfection 

The paper by P. B. Hudson, 
\f I)., rt a /, titled “Effective System 
of Bactericidal Conditioning for 
Hospitals* and published in the 
Apul 4, 1959, issue of the Journal 
ol the Ameutan Medical Associa- 
tion , fully describes the system for 
total environmental control of 
stapli and other bacteria with 
formulations containing “TBTO.” 
(A similar ai tick* appeared in the 

(Turn to Page 101) 


PRESERVATION OF P.V.A EMULSION PAINT 


CONCENTRATION (%) WHICH WILL 

MARINE WOOD PRESERVATION — 


COMPOUND 

DOSAGE 

TOTAL 

NUMBER OF TEREDO AND 

L1MN0RIA ENTRIES (MONTHS) 

COMPOUND 

PENICILLIUM 

SP 

PULLULARIA 

PULLULANS 

2 

4 

6 8 

10 

12 

14 

BIS(TRI-n-BUTYLTIN) OXIDE 
(bioMeT*TBTO*) 

> 0.5 

0 05 

btoMeT* TBTO* 

1% 

0 

0 

1 1 

5 

S 

2t 

btoMeT TBTO 

1 5% 

0 

0 

I 4 

7 

5 

57 

BI$(TRl-n-PR0PYLT!N) OXIDE 

0.05 

0.05 

bio Me T TBTO 

2 0% 

0 

0 

0 0 

2 

3 

0 

PHENYLMERCURIC OLEATE 

0 05 

005 

UNTREATED 

CONTROL 

— 

16 

19 

18 DESTROYED IN 7 MONTHS 

* TRADEMARK 




^TRADEMARK 

THE MINOR VARIATION IN THE COUNTS FROM MONTH TO MONTH 
IS A RESULT OF DIFFICULTY IN POSITIVE DETERMINATION OF 
ENTRY THE TEST WAS CONDUCTED AT MIAMI BEACH, FLORIDA 


TWO COATS OF POLY VINYLACETATE EMULSION PAINT 
*ERE APPLIED TO FILTER PAPER BY BRUSHING. 

THEY WERE THEN CULTURED ON AGAR FOR A PERIOD 
OF FOUR WEEKS " 
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Orgonotins 

(From Page 78) 


Medical Annals of the Dtstiict of 
Columbia , Vol. XXVIII, No. 2, 
February, 1959) In general, bac- 
tericidal conditioning, as described 
in this article, reduced the total 
number of bacteria contaminating 
the hospital air by 82%. The tests 
were conducted in the Francis 
Delafield Hospital, and the figures 
uere obtained after a five-week 
ticatment period 

Agifcultme The agricul- 
tuiul applications of triorganotins 
in the United States ha\e been 
limited to the use of dibutyltm 
dilaurate and dibutyltin maleate 
as jx)ultr\ anthelmintics and coc- 
ddiostats. Howevei, in recent yeais 
there has been interest in triphe- 
nyltin acetate as a foliage fungi- 
cide The tiialkyhtm are in gen- 
eral too phstotoxk for foliage ap- 
plications The diphenyls do not 
have this diau back at least on <el- 
ery, sugar beets and potatoes One 
}X)und of a 20% w enable powdei 
formulation has been equal to com- 
meicial applications of carbamates 
against such oiganisms as Phytoph- 
theui , Alteimua and Cocos pout 

Theie aic also indications 
that trioiganotins aie useful as unt 
and bulb fungicides and as seed 
tieatments 

Rodent Repellents: -Vftei 
s<i eemng about 8000 compounds 
as barrier indent icpellents, the 
U S. Fish and Wildlife Set sue 
Department of Interior, lepoits 


that tributyltin chloride and tri- 
phenyltin chloride are among the 
most active These tests were con- 
ducted with trapped house mice 
(i Mits Musculus). The organotin 
com}X>unds were applied at various 
concentrations by dipping burlap 
in an acetone solution of the re- 
pellent Bags were then prepared 
from treated burlap and filled with 
food. Treated and untreated bags 
were exposed to individually caged 
mice The tests were replicated 50 
or more times using 50 or more 
different animals The results ob- 
tained are found in Table VIII 

Summary 

In conclusion, organotim of 
the R ,SnX type exhibit the most 
ptomise as industrial bioc hemic als 
Ol these, the tri-n-butvl, tri-n- 
piopyl and perhaps triphenyl de- 
i natives are unique The tributvls 
have ah each found a place in the 
ticatment of water and wood In 
addition, bis (tn-n-butyltin) oxide 
is used as an anti-fouling ingredi- 
ent in ship bottom paints, as a 
textile puiifiei, and as an ingiedi- 
ent in home and institutional gei- 
nucides Tributyltin chloiidc is 
also a ven active rcxlent icpellent 

The tn-n-piopyltins exhibit 
bioad specti uni con tied of bacteiia 
which make them of special mtei - 
est foi watei ueatment and vanous 
pi eserv a ti\ e applic ations 

Lastly, the tnphemhins aie 


the most durable on textiles m 
outdoor weathering and perhaps 
they will find a place for this use 
Interest is already high in this type 
of compound as an agricultural 
foliage fungicide. Howevei, testing 
under field conditions must be 
conducted for this and its rcxlent 
repellent applications, before actu- 
al utility can be detei mined 
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CONCENTRATION 
(mgs *q in ) 

DAMAGE 

REDUCTION 

LENGTH OF 
STORAGE 

5 0 

96% 

INITIAL TEST 

5.0 

56% 

1 YEAR 

1 25* 

$8% 

INITIAL TEST 

1.25* 

90% 

1 YEAR 

5.0 

84% 

INITIAL TEST 

5,0 

75% 

1 YEAR 


TABLE SHI 

LABORATORY TEST- RODENT REPELLENCY 


COMPOUND 


MILDEW CONTROL ON CANVAS 

% REQUIRED FOR COMPLETE INHIBITION 
OF CHAETOMIUM GLOBOSUM 


NUMBER Of DAYS WEATHERING 


COMPOUND 

35 

B5 

155 

251 

263 

Sl$( TRI-n-BUTYLTlN ) OXIDE 
(btoMpT* TBTO* ) 

05 

0 5 

1 0 

> 1 0 

>10 

TRIPHENYLTIN CHLORtOE 

0 05 

0 5 

05 

05 

1 0 

COPPER- B-OUtNOLINOLATE 

005 

05 

0 5 

05 

>1 0 


TRIBUTYLTIN 

CHLORIDE 

TRIBUTYLTIN 

CHLORIDE 

TRIBUTYLTIN 

CHLORIDE 

TRIBUTYLTIN 

CHLORIDE 

TRIPHENYLTIN 

ACETATE 

TRIPHENYLTIN 

ACETATE 


THE TEXTILES WERE OMVCD ** METHANOL SOLUTIONS OF COMPOUNDS 
AMO EXPOSED AT RAHWAY. N. J SAMPLES OF THE TEXTILES WERE 
TAKEN AT INTERVALS AMO EVALUATED USING FEDERAL SPECIFICATION 
ecc-T-istfc #swi 
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♦polyvinylacetate adhesive used not tested against 

BAGS TREATED WITH POLYVINYLACETATE. THEREFORE. A 
PORTION OP THE REDUCTION MAY BE DUE TO MECHANICAL 
RESISTANCE RATHER THAN CHEMICAL REPELLENCY 
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Interaction of Quaternary Ammonium Bactericides with Biological 
Materials I: Conductometric Studies with Cephalin 


DAVID W. BLOIS* and JAMES SWARBRICK* 



Abstract □ Quaternary ammonium surfactants are more active 
against Gram-positive organisms than against Gram-negative 
bacteria This difference has been attributed to the presence of 
cephalm m the cell wall of the Gram-negative bacteria This paper 
presents a review of previous in otto work reported in the literature 
Additionally, as a preliminary step m elucidating the mechanism 
behind this difference by studying the molecular interactions be- 
tween these bactericides and bacterial wall constituents by use of an 
m vitro film balance approach, a conductometric study on cephalm 
and certain alkylbenzyldimethylammomum chlorides was under- 
taken. An interaction in solution was observed, the data indicating 
that two molecules of cephalm react with one molecule of the qua- 
ternary ammonium surfactant. 

Keyphrases □ Quaternary ammonium bactericides— interaction 
with cephalm, in vivo literature review, in vitro conductometric 
study □ Cephalm interaction with quaternary ammonium bac- 
tericides — in vwo literature review, in vitro conductometric study □ 
Conductometric studies— interaction of cephalm with quaternary 
ammonium bactericides □ Bactericidal activity— quaternary am- 
monium compounds 


Since the original observation by Domagk (1) that the 
alkylbenzyldimethylammomum chlorides were extremely 
potent antibacterial agents, much work has been devoted 
to the action of cationic surface-active quaternary am- 
monium bactericides. Numerous structural modifica- 
tions of the original series were carried out in an effort to 
increase the bactericidal activity of the class. In addition, 
many studies were conducted to determine the manner 
in which these compounds exert their action. How- 
ever, the original material, alkylbenzyldimethyl- 
ammonium chloride, also known collectively as benz- 
alkonium chloride, is still one of the most widely used 
agents. 

LITERATURE REVIEW 

It was observed (2, 3) that the quaternary ammonium compounds 
are active against Gram-positive and Gram-negative organisms as 
well as fungi However, the Gram-positive organisms show a higher 
degree of susceptibility to these agents than do the Gram-negative 
organisms (2, 3). The resistance of the Gram-negative organism 
has been ascribed to the phospholipid present in its cell envelope 
(4), which appears to be of the highly acidic cephalm type. The cell 
wall of the Gram-positive organism lacks such a phospholipid 
component. 

Several observations tend to strengthen this theory. It was ob- 
served (5) that prior addition of phospholipids to a media containing 
Gram-positive cells can prevent the inhibition of metabolism by 
cationic surfactants. Furthermore, exposure of the cells to cephalin, 
followed by a washing of the cells, also protected the organisms 
Based on these observations, it was postulated that the phos- 
pholipid was adsorbed onto the bacterial surface, where it sub- 
sequently interacted with the bactericide, rendering it inactive It 
also was shown (6) that the prior addition of protamine to a media 
of Gram-negative organisms markedly increased the susceptibility 
of these organisms to quaternary ammonium bactericides. The 
highly basic protamine was shown to form an insoluble precipitate 
with cephalm (7). Such experimental evidence suggests that the 


phospholipid portion of the complex cell wall is responsible for the 
greater degree of protection afforded the Gram-negative bacteria. 

Salton (8) proposed that the action of lytic agents on bacteria 
is as follows* (a) adsorption and penetration of the porous wall, (b) 
interaction with lipid-protein membrane, (<•) leakage of low mo- 
lecular weight metabolites, id) degradation of proteins and nucleic 
acids, and (c) lysis due to wall-degrading autolytic enzymes. Other 
studies (4, 9, 10) showed that the cell membrane, rather than the 
cell wall, is the primary site for the bactericidal action of lytic 
agents However, since the cell membranes for the Gram-positive 
and Gram-negative organisms are in both cases lipoprotein, it 
would appear that the difference in susceptibility should be as- 
cribed to the difference between the cell walls. Hence, the interac- 
tion with the cell wall is of primary importance to the bactericidal 
action of the compound 

It has been established that the antibacterial action of the qua- 
ternary ammonium salts is related to their physical, ratter than 
chemical, properties. The most significant physical property of these 
compounds is their surface activity Numerous authors studied the 
interfacial properties of the antibacterial quaternary ammonium 
bactericides and attempted to relate these properties to the in 
vivo activity Zissman (11) compared the minimum effective concen- 
tration (MEC) of a series of quaternary ammonium bactericides 
with surface tension lowering and found that solutions having the 
same MEC had surface tension values of the same order of magni- 
tude Others (12, 13) attempted to relate CMC data to the thermo- 
dynamic activity of the solution and, in turn, to relate this derived 
thermodynamic activity to the MEC. As an extension of this work, 
the Ferguson principle (14) was used to explain the dependence of 
the MEC on the surface activity. 

Ferguson (14) proposed that the chemical potential of a series of 
substances possessing “physical toxicity” could be used as a toxic 
index His theory was based on the fact that at equilibrium the 
chemical potential and, hence, activity of the substance in the in- 
ternal and external phases must be equal. In the case of quaternary 
ammonium bactericides, the external phase is the bulk solution and 
the internal phase is the cell membrane of the bacteria. Ferguson 
also showed that the activity at the toxic concentration could be 
approximated by StfS 0 , where S t is the molar concentration of the 
toxic substance and S 0 is its solubility Thus, if the Ferguson prin- 
ciple holds true, it substantiates the theory that the bactericidal 
activity is the result of some physical activity ratter than its chem- 
ical reaction 

Other workers similarly attempted to invoke the Ferguson prin- 
ciple to explain bactericidal activity. Ecanow and Siegel (12) at- 
tempted to define the thermodynamic activity as the ratio of the 
MEC to the CMC For three quaternary ammonium bactericides 
of equal alkyl chain length but different polar head groups, Weiner 
and Zografi (15) defined the activities as the ratio of the Gibbs 
surface excess at the MEC to that at the CMC Good agreement 
was found between the activities of all three quaternary ammonium 
bactericides when tested against Gram-positive and Gram- 
negative organisms and fungi. These authors concluded that the 
mechanism of action of these compounds depends primarily on a 
physical relationship between the external phase and the internal 
phase 

In an effort to understand the nature of the interactions that 
occur between drugs and biological tissues, various authors pro- 
posed the use of systems, probably the most useful of these systems 
is an insoluble monolayer adsorbed at the air/water interface. The 
first use of insoluble monolayers as models for biological mem- 
branes appears to be that of Schulman and Rideal (16). These 
authors used spread monolayers of ghadin and ghadm-cholesterol 
as a model of the cell wall of a human red blood corpuscle. They 
then studied the interaction of hemolytic and agglutinating agents 
in the subphase on the spread monolayers. The penetration into. 
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as well as association with, an insoluble monolayer by these com- 
pounds was monitored as a function of the increase m surface pres- 
sure or area and change of surface potential with time. Using criteria 
established in these studies, a relationship was established (IT) 
between a compound’s effect on the erythrocytes and the nature of 
its interactions with an insoluble monolayer 
The use of monolayers to simulate biological membranes has 
become greatly expanded since the original work of Schulman and 
Rideai (16). Since the original investigations into the mechanism 
of hemolysis, several authors have attempted to correlate mono- 
layer penetration with the activity of other classes of drugs including 
the sulfas, local anesthetics, tranquilizers, and antibiotics 
Although a great deal is known about the end results of the 
action of quaternary ammonium compounds on bacteria, i e , 
cellular leakage and lysis, and postulates have been presented on the 
manner m which bacterial death is caused, little is known about the 
nature of the interactions between the bactericide and the cellular 
substituents However, it does appear, as stated by Schulman et al. 
(18), that the greater resistance of Gram-negative over Gram-posi- 
tive organisms is due to the higher lipid, content in the bacterial 
cell walls of the Gram-negative cell Many studies using live bacteria 
have been earned out m an effort to gam insight into the mechanism 
of action of the cationic bactencides. Under such conditions, it is 
difficult to determine the nature of the interactions between the 
bactericide and the cell wall and membrane components that 
ultimately lead to bacterial cell death 


EXPERIMENTAL 

Since the use of insoluble monolayers to simulate cell structures 
and subsequent study of the action of drugs on these mono- 
layers have been well established in the literature, the purpose of 
this investigation was to study the interaction that occurs between a 
quaternary ammonium bactericide and the components of a sim- 
ulated bacterial cell wall. These studies were earned out through the 
use of insoluble monomolecular layers and a conductometric anal- 
ysis of solutions of biological materials. 

The model membrane chosen to simulate the Gram-positive cell 
wall was that of an insoluble monomolecular film of the insoluble 
protein gliadm spread at the air/water interface A protem-phos- 
phohpid monolayer of gliadm and cephaltn was used to simulate 
the Gram-negative bacterial waUL By studying the interactions that 
occur between these spread monolayers and the surface active bac- 
tericide injected beneath, the role of the components in determining 
the susceptibility of the organism may be assessed. 

In addition, a conductometric study was earned out to establish 
the presence of an interaction between the bactericide and the ceph- 
alin. For this study, both materials were m aqueous solution. 

Materials — Alkylbenzyldimethylammonium Chlorides — A homo- 
logous senes of alkylbenzyldimethylammonium chlorides m the 
monohydrated form (Cir-Cie) was used 1 . The purity of these com- 
pounds was established by the observation that paper chromatog- 
raphy yielded a single spot. This determination was carried out by 
other workers (using the same batches) and reported previously 
(2). Certain physical and interfacial properties of this series were 
presented in an earlier paper (19). 

Cephalut — Synthetic L-«-<j9,7-dipalrnitoyI)phosphatidylethanol- 
anune* was used as received The cephalm was dissolved in distilled 
water for the conductometric studies. 

Water — The water used was double distilled from an all-glass 
apparatus 3 . 

Methods— A conductivity bridge 4 was used to establish the 
presence of an interaction between cephalm and the Cu and Cu 
homologs. Measurements of the specific conductivity versus (a) 
increasing molar concentration of cephalm m the presence and 
absence of alkylbenzyldimethylammonium chloride and ib) in- 
creasing molar concentrations of alkylbenzyldimethylammonium 
chloride in the presence and absence of cephalm were determined 
Corrections were applied for the specific conductivity of the distilled 
water. 


i Supplied by Dr. R. A. Cutler, Sterlmg-Winthrop Research Institute, 
enssdaer, N, Y. 

* California Corporation for Biochemical Research 
•Barnstead Redistdler, EPR-*/*C. 

* Beckman Instruments, Inc , model RC- 19. 



Figure 1 — Conductometric study of increasing concentration of 
cephalm m the presence and absence of the Cu alkylbenzyldimethyl- 
ammomum chloride Key O, no Cu alkylbenzyldimethylammonium 
chloride present, and •, Cu alkylbenzyldimethylammonium chloride 
concentration — 2 51 X I0~ i M Dashed lute represents the theo- 
retical additive values 

RESULTS AND DISCUSSION 

Due to the instability of cephalm monolayers m the presence of 
alkylbenzyldimethylammonium chloride injected into the subphase, 
a quantitative study of the interaction between these two materials 
could not be carried out using monolayer techniques Accordingly, 
a conductometric study was performed to study their interaction 



Cm ALKYLBENZYLDIMETHYLAMMONIUM 
CHLORIDE CONCENTRATION X 10* M 


Figure 2 -Conductometric study of increasing concentration of 
Cu alkylbenzyldimethylammonium chloride in the presence and 
absence of cephalm Key: O, no cephalm present. A, cephalm con- 
cent ration = 3.43 X 70" 6 M, and I !, cephalm concentration — 
666 X Ht* M. 
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Table I— Summary of Conductometric Study of Interaction of Cephalm and Alkylbenzyldimethylammomum Chloride 


Homolog 

Concentration of 
Alkylbenzyldimethyl- 
ammonium Chloride, 
moles/1. 

Concentration of 
Cephalm, 
moles/1 

Slope, 

ohm" 1 cm.” 1 mole” 1 1 

Intersection, moles/1. 
Alkylbenzyldimethyl- 
ammonium Chloride 

14 

0 

Varying 

2 36 X 10-* 



2 51 X 10-* 

Varying 

8 21 X 10-* 

— 

14 

Varying 

0 

1 07 X I0~ l 

— 

Varying 

Varying 

3 13 X 10" 8 

3 13 X 10~ 8 

2 14 X 10 -1 (Initial region) 

1 12 X 10” 1 (Second region) 

i 60 x icr 8 


Varying 

Varying 

6 25 X 10" 8 

6 25 X lO^ 8 

2 18 X 10~ x (Initial region) 

1 10 X 10" 1 (Second region) 

3 50 X 10"* 

16 

Varying 

0 

1 10 X 10~ l 

— 


Varying 

Varying 

3 43 X 10" s 

3 43 X 10- 8 

2 81 X 10” 1 (Initial region) 

1 20 X 10" 1 (Second region) 

I 60 X 10-* 


Varying 

Varying 

6 86 X 10~ 8 

6 86 X 10“ s 

2 69 X 10" 1 (Initial region) 

1 25 X 10" 1 (Second region) 

3.40 X 10" 8 


Typical data are shown m Figs 1 and 2, a summary is presented m 
Table 1 

Figure 1 shows the specific conductivities resulting from the 
addition of increasing amounts of cephalm to a constant concentra- 
tion of the Cu alkylbenzyldimethylammomum chloride homolog 
Since the slope of the mixed system differs from the sum of the single 
components m solution, it appears that there is an interaction be- 
tween them m solution Thus, the slope of the line m Fig 1 for 
cephalm in the presence of Cu alkylbenzyldimethylammomum 
chloride is greater than that for cephalm in the absence of the C u 
homolog Similarly, as shown in Fig 2 for the Ci 6 homolog, the 
initial slopes of the lines in the presence of a constant amount of 
cephalm are greater than those obtained m its absence Again, 
these results indicate that an interaction has occurred between the 
cephalm and alkylbenzyldimethylammomum chloride, leading to 
specific conductivity for the solution that is increased over that of the 
separate parts. 

As may be reasoned from Fig 2, as more alkylbenzyldimethyl- 
ammomum chloride is added to the cephalm, the latter is used to 
form the interaction product When no further cephalm is available, 
the addition of more alkylbenzyldimethylammomum chloride 
results m a line whose slope is identical to that for alkylbenzyl- 
dimethylammomum chloride m the absence of cephalm Within the 
limits of experimental error, this appears to be the case While the 
amount of data is not felt to be sufficient to propose a mechanism 
for the observed increase in conductivity, it is possible to gain an 
appreciation of the stoichiometry of the reaction. Thus, from the 
points of intersection m Fig 2, the ratio of cephalm to Cu alkyl- 
benzyldimethylammonium chloride is within the range of 1 8-2.0 
With the Ci« alkylbenzyldimethylammomum chloride homolog, 
the cephalm-alkylbenzyldimethylammomum chloride ratio is from 
2 0 to 2 1 

The significance of this interaction in terms of rationalizing the 
effect of cephalm on the antibacterial activity of alkylbenzyldi- 
methylammomum chloride will be considered m more detail in a 
subsequent publication (20). 
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Interaction of Quaternary Ammonium Bactericides with Biological 
Materials It Insoluble Monolayer Studies 

DAVID W. BLOIS* and JAMES SWARBRICK* 


Abstract □ The behavior of a series of bactericidal alkylbenzyl" 
dimethylammomum chlorides in the presence of various materials 
spread at the air/water interface was examined, with a view to 
elucidating the manner these compounds initiate bacteriolysis in 
Gram-positive and Gram-negative organisms. A monolayer of the 
protein gliadm was chosen to represent the Gram-positive bacterial 
wall, while a gliadm-cephalm film was used to simulate the Gram- 
negative bacterial wall. Interactions between these monolayers and 
the various alkylbenzyldimethylammonium chloride homologs, 
alone and in the presence of protamine, were followed by monitor- 
ing surface pressure, surface area, and surface potential as a func- 
tion of time. Recompression studies were also undertaken The 
results suggest that with Gram-positive organisms the bactericide 
first becomes associated with the protein in the cell wall, subse- 
quent penetration leads to disruption of the cell membrane. In the 
Gram-negative wall, the phospholipid present affords the organism 
a degree of protection from the bactericide. This effect is removed m 
the presence of protamine. 

Keypivases □ Quaternary ammonium bactericides— interaction 
with gliadm and gliadm-cephalin monolayers, presence and ab- 
sence of protamine □ Gliadm and gliadm-cephalm monolayers— 
interaction with quaternary ammonium bactericides, presence and 
absence of protamine □ Cephalm-gliadm and gliadm monolayers— 
interaction of quaternary ammonium bactericides, presence and 
absence of protamine □ Protamine— effect on interaction of qua- 
ternary ammonium bactericides with gliadm and ghadm-cephalin 
monolayers □ Bactericidal activity — quaternary ammonium 
compounds 


In another paper (1), the literature concerning the 
action of the quaternary ammonium bactericides and the 
methods used to elucidate their mechanisms of action 
were reviewed. The presence of an interaction between 
the quaternary ammonium bactericides of the alkyl- 
benzyldimethylammonium chloride series and the phos- 
pholipid cephalin also was established via a conducto- 
metric analysis of aqueous solutions of these materials. 
This latter experiment was carried out to establish that 
the bactericide and the phospholipid indigenous to the 
Gram-negative bacterial cell wall are able to interact 
with each other. 

The present paper concerns itself with the interactions 
occurring between the bactericide and insoluble mono- 
layers spread at the air/water interface, designed as 
models for the Gram-positive and Gram-negative 
bacterial cell walls. A film of the insoluble protein gliadin 
was used to model the Gram-positive cell wall, while a 
protein-phospholipid film of gliadin and cephalin was 
used to mimic the Gram-negative cell wall. The bacteri- 
cide under study was injected into the aqueous subphase 
beneath the insoluble monolayer and its interaction was 
monitored as the rime-dependent change in surface 
pressure or area and surface potential. In addition, an 
efTort was made to elucidate the role played by prot- 
amine^ in altering the susceptibility of Gram-negative 
organisms to the quaternary ammonium bactericides. 


These results were then interpreted in view of the bac- 
teriological activity of this series of compounds on 
Gram-positive and Gram-negative organisms. 

MATERIALS AND METHODS 

Alkylbenzyldimethylammonium Chloride— The source, punty, 
and characteristics of the alkylbenzyldimethylammomum chlonde 
series were described previously (1). 

Gliadin— The molecular weight of gliadm 1 , a protein derived 
from wheat, was taken to be 27,000, as determined from monolayer 
properties of the water-msoluble protein (2) Gliadm is reported 
to be soluble m 70% ethanol (3). However, the protein, as pur- 
chased, in 70% ethanol contained insoluble (proteinaceous) mate- 
rial. Therefore, a purification and quantification procedure was 
used, which involved filtration of the solution containing insoluble 
material followed by a gravimetric analysis for the total protein m 
solution (4) 

Cephalin— Synthetic L-«-(/3,7-dipalmitoyl)phosphatidylethanol- 
amine 1 was used as received The cephalin was dissolved in a mixture 
of chloroform and ethanol (90:10) for the insoluble monolayer 
studies 

Protamine— Protamine sulfate 3 was used as received It con- 
tained 67-70% arginine and 24 dfc 15% nitrogen A molecular 
weight of 7000 (5) was used to calculate the molar strength of the 
aqueous solutions used 

Gliadin-Cephalin Solution— A solution m chloroform-ethanol- 
water (67:24:9) was used in the formation of a mixed protein- 
phospholipid monolayer 

Film Balance Studies— The apparatus, a Wilhelmy-type film 
balance, and the calibration procedure used were described in de- 
tail elsewhere (6) The time for equilibration of the film with the 
barriers set for maximum area was 20 mm. The rate of compression 
was 2.54 cm. min. -1 . 

Penetration Studies— Since both the gliadm and gliadm-cephalin 
films showed the phenomenon of surface pressure relaxation (4), 
the compressed films were allowed to relax to their equilibrium pres- 
sure prior to the start of any penetration studies This was ac- 
complished by compressing the film to a preselected area and then 
allowing the film to reach equilibrium. The area to which the film 
was compressed was such that the equilibrium film pressure, jF eq , 
at that area was greater than that pressure generated by the alkyl- 
benzyldimethylammonium chloride itself at the air/water interface 
for the subphase concentration employed m the study. Following 
attainment of the equilibrium surface pressure, between 0.5 and 5.0 
ml. of the subphase was removed from behind the barriers and 
replaced by an equal volume of solution containing the desired 
amount of alkylbenzyldimethylammonium chlonde The transfer of 
the solution was accomplished by means of a glass syringe fitted with 
a 7.62-cm. (3-m X 18-gauge hypodermic needle Homogeneity of the 
subphase was ensured by gently drawing the subphase into the 
synnge and discharging it several times under the surface Penetra- 
tion into the monolayer was followed as a function of the change in 
surface pressure or surface area and the change of surface potential 
with time, the initial time being that point when the alkylbenzyl- 
dimethylammonium chloride was introduced into the subphase 
Monolayer penetration was monitored until an equilibrium condi- 
tion was reached or 90 mm. had elapsed, whichever was the sooner 
At that time, the penetrated monolayer was compressed to its 
collapsed area. 


1 Nutritional Biochemical Corp., Cleveland, Ohio. 

1 California Corporation for Biochemical Research 
* Salmine, Nutritional Biochemical Corp , Cleveland, Ohio. 
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Figure 1 — Surface pressure-area relationships for ghadin (■), 
giiadin-cephahn mixed film (A), ghadin-cephalin derived film (A), 
cephalm (•), and cephalm on protamine subphase (O). 


For the studies of monolayer penetration by alkylbenzyldimethyl- 
ammomum chloride at constant surface pressure, the surface area 
was increased manually to maintain a constant surface pressure 
The distance of separation of the barriers, and, hence, the area per 
molecule were determined as a function of time. 

Surface Potential Measurements — Surface potential measurements 
were determined by the ionizing electrode method described by 
Games (7). The ionizing electrode consisted of a static eliminator 4 
containing 500 pc. of * 10 Po impregnated in foil A wire lead was 
soldered onto the stainless steel back of the unit The whole elec- 
trode was then fastened to an insulated clamp and supported 5 mm. 
above the water surface in the trough and between the two barriers 
The reference electrode was a standard KC1 pH electrode 5 immersed 
m the subphase behind the stationary barrier The two electrodes 
were connected by shielded cables to an electrometer 6 * * . The surface 
potential, AF, was taken as the difference of potential in milh volts 
between the clean water surface and the film-covered surface. It 
was not possible to measure the surface potential during the com- 
pression phases of the studies due to electrical interference from the 
electric motor driving the movable barrier 

RESULTS 

Definition of Terms — For the purposes of this work, association 
of the penetrant with the insoluble film is defined as the irreversible 
entry of alkylbenzyldimethylammonium chloride into the film m 
such a way that it interacts with the film and is not subsequently 


4 Staticmaster, Will Scientific, catalog No. 24887. 

1 Beckman Instruments, Inc., No. 31970. 

* Keithley Instruments, model 610B. 

* 
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Table I — Comparison of Afand A(A F) for 
Alkylbenzyldimethylammonium Chloride Homologs 90 nun. 
after Penetration Was Initiated 



4000 A 2 / 

Surface 
Tension 
Lowering 
Produced 
by 1.6 X 
10-* M 
Alkylben- 

—824 A ’/Molecule— 

zyldimethyl- 

Molecule, 

ammonium 

„ t A#* t A(AF), 

A F\ 

Chloride, 

Homolog dynes/cm mv 

dynes/cm. 

dynes/cm 


12 

1 4 

+74 

1 0 

0 2 

13 

2 0 

+93 

1 2 

0 3 

14 

3 4 

+112 

2 3 

0 7 

15 

4 8 

+ 147 

3 7 

1 2 

16 

5 5 

+157 

7 6 

— 


• Surface pressure of film prior to penetration = 6.6 dynes/cm 
h Surface pressure of film prior to penetration = 08 dyne/cm 


expelled by compression of the penetrated film Penetration is the 
general entrance of the alkylbenzyldimethylammonium chloride 
into the insoluble film and may or may not include association of 
the penetrant with the film. If the material is not associated, then 
it can be expelled by compression of the film. Association and 
penetration are accompanied by a change m both the surface pres- 
sure and surface potential. 

Anchorage of the alkylbenzyldimethylammonium chloride onto 
the insoluble film signifies interaction and attachment of the alkyl- 
benzyldimethylammonium chloride m the subphase to the film and 
involves the attraction between oppositely charged sites on the polar 
head groups in the subphase. Since this interaction does not occur 
m the interface but rather immediately below it, it is accompanied 
by a change in the surface potential with little or no effect on the 
surface pressure Adsorption onto the film is similar to anchorage 
but is a more passive, nonspecific process which includes the entrance 
of the alkyl chain into the interfacial area Surfactant molecules will 
be adsorbed at the interface even m the absence of a film The effect 
of adsorption on the surface pressure and surface potential is 
variable. 

F-A Characteristics of Insoluble Films— Ghadin — The surface 
pressure-area per molecule (F-A) isotherm for ghadin is shown 
in Fig. 1 The surface potential of the spread film was found to 
be +110 mv at the maximum area (4000 A 2 /molecule) and +32S 
mv at the minimum area (324 A 2 /molecuIe) The rate of compres- 
sion was 503 AVmolecule/min, 

Cephalm— The F-A isotherm for cephalin is shown in Fig. 1. 
The film had a well-defined collapse point at a molecular area of 
28 1 A 2 and a film pressure of 54 dynes/cm The extrapolated area 
per molecule was 39 6 A 2 /molecuk The film had a surface potential 
of +255 mv at the maximum area (156 A*/molecuIe) and +390 
mv at the minimum area. The compression rate was 21 0 A*/mole- 
cule/mm. 

Ghadin-Cephalm Monolayers — The solution used to produce the 
mixed monolayer contained a molar ratio of 16:1 eephahn to glia- 



Figure 2— Increase in surface pressure with time for ghadin mono- 
layers penetrated by alkylbenzyldimethylammonium chloride (sub- 
phase concentration = 1.6 X 70" 5 M) at constant surface area. 
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MINUTES 

Figure 3 — Increase in surface potential with time for gliadm mono- 
layers penetrated by alkylbenzyldtmethylammomum chloride ( sub- 
phase concentration = 16 X I0~ l M) at constant surface area . 
Initial surface potential = 264 ± 10 me 

din This ratio is approximately equal to the ratio of 50.20 % 
w/w for protein to phospholipid commonly found m Gram-nega- 
tive bacteria (8). The F-A isotherm for the mixed ghadm-cephahn 
film is shown m Fig 1. The compressed film collapsed at a surface 
pressure of 50.2 dynes/cm and an area of 34 9 A 2 /molecule and 
gave an extrapolated area per molecule of 43 5 A 2 The surface 
potential of the spread film was +257 mv. at the maximum area 
<297 A 2 /moIecuIe) and o + 366 mv. at the minimum area. The com- 
pression rate was 39 5 A 2 /molecule/min 
Effect of Protamine — To determine if protamine would adsorb 
onto or penetrate into a spread film, protamine sulfate was injected 
into the subphase beneath one of the previously mentioned films, 
and the surface pressure and surface potential were monitored 
When the subphase was 3.4 X 10~ 6 M with respect to the protamine, 
no effect on the surface pressure-area properties of the gliadm or 
ghadm-cephahn films was observed A slight expansion was pro- 
duced m the cephalin film (Fig 1) With this same concentration of 
protamine, the surface potential remained constant for the ghadm- 
cephahn films but increased 38 mv for the cephalm film 
Penetration Studies— The surface pressure or area increase and the 
change m surface potential were used to monitor the penetration 
of the Cis-Cu aikylbenzyldimethylammomum chloride molecules 
into the monolayer systems described previously For the glia dm 
films, the penetration was followed as: (a) the change in the sur- 
face pressure, the surface area being held constant, and (b) the 
change in surface area, the surface pressure being held constant 
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Figure 4 —Reampresstm of gliadm films preciously penetrated at a 
constant area of 824 A*fmoleade. Subphase concentration of alkyl - 
benzyldtmethylammomum chloride ■» 1.6 X /0“ 5 M 



MINUTES 

Figure S— Increase in surface area with time for gliadm monolayers 
penetrated by aikylbenzyldimethylammomum chloride ( subphase 
concentration = / 6 X 10~ & M) at constant surface pressure of 6 6 
dynes/cm 

For the ghadm-cephahn mixed film, only Method a was employed 

Gliadm Monolayers Penetration at Constant Area — Gliadm 
films penetrated at constant area showed an initial rapid increase m 
film pressure and surface potential, followed by a more gradual 
increase or a leveling off The penetration was followed for at least 
90 mm , at which time there was either no change m the surface 
pressure and surface potential or a constant gradual increase that, 
with the higher chain homologs, continued for over 4 hr without 
any apparent plateau being reached. Therefore, the value at the end 
of 90 mm was taken so that a comparison of the results could be 
shown (Table I) Plots of AF and &{AV) versus time are shown in 
Figs 2 and 3, respectively Linear relationships were observed be- 
tween A F and alkyl chain length (r = 0 99) and A(AK) and alkyl 
chain length (r = 0 99) 

Studies were also carried out using differing initial areas and sur- 
face pressure, the concentration of aikylbenzyldimethylammomum 
chloride in the subphase o was also varied it was found that changes 
of the order of ±50 A 2 /molecule m the initial area and ±05 
dyne/cm m the initial film pressure did not significantly alter the 
results shown m Table I. To see a more marked effect, gliadm 
films occupying an area of 4000 A a /molecule and having a film 
pressure of 0 75 dyne/cm were penetrated by a concentration of 
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Figure 6 Recompression of gliadm monolayers preciously pene- 
trated at a constant surface pressure of 66 dynesjem. Subphase con- 
centration of aikylbenzyldimethylammomum chloride — 1,6 X 
IQr* M 
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Figure 7— Change in surface pressure with tune for ghadin-cephahn 
monolayers penetrated by alkylbenzyldimethylammomum chloride 
(. subphase concentration — 1 6 X 10~ s M) at a constant area of 139 
A ^molecule. 


1 6 X 10" 5 M drug in the subphase. Only AF was monitored in this 
study, the results are shown m Table I As the concentration of the 
drug m the subphase increased, the observed change m surface 
pressure also increased. Following penetration at constant area, the 
films were further compressed to their collapse area m order to 
differentiate between adsorbed and associated alkylbenzyldimethyl- 
ammomum chloride molecules. Typical results are shown m Fig 4. 

Gliadm Monolayers. Penetration at Constant Pressure — The 
penetration of gliadm films was also studied as a function of chang- 
ing surface area, the surface pressure being held constant Matalon 
(9) showed that additional quantitative information on the molec- 
ular association between a film and penetrating material can be 
obtained by this technique The change in area, as a function of 
time, due to penetration of gliadm by alkylbenzyldimethylam- 
momum chloride homologs is shown in Fig. 5 Following expansion 
at constant film pressure, the films were recompressed to their min- 
imum area so as to expel any solute adsorbed by the film The F-A 
isotherms resulting from this recompression are shown m Fig 6 
Experiments were also performed to determine the effect of the 
film pressure and drug concentration in the subphase on the magni- 
tude of the penetration The equilibrium film pressure prior to 
penetration was varied from 4 8 to 7 8 dynes/cm , and the concentra- 
tion was 1 92 X 10“ s M alkylbenzyldimethylammomum chloride in 
the subphase. The results of these experiments indicated that there 
was no difference m the value of the extrapolated area per molecule, 
A t , within the range of values studied 
Gliadin-Cephahn Mixed Films — The changes m surface pressure 
and surface potential were also used to monitor the penetration of 
the mixed gliadin-cephalin films at constant area These experi- 
ments were carried out with the Ci 2 -C\* alkylbenzyldimethylam- 
momum chloride homologs. The penetration of the mixed mono- 
layer showed an initial rapid increase in surface pressure, followed 
by a plateau (Fig 7) The plateau pressure (approximately 2-4 
dynes/cm. above the initial equilibrium film pressure) was normally 
reached within 10 mm. following the introduction of the alkyl- 



Figure 8 — Change in surface potential with time for gliadtn-cephalin 
monolayers penetrated by alkylbenzylammonium chloride (subphase 
concentration = 1,6 X 10~* M) at a constant area oj 139 A i I molecule 


Table H— Penetration of Cephalm-Ghadin Films* by 
Alkylbenzyldimethylammomum Chloride Homologs 


Homolog* 

AF***, 

dynes/cm. 

Atsvy, 

mv. 

12 

17 0 

4*37 

13 

18 0 

+27 

14 

19 7 

+57 

15 

21.3 

+135 

16 

23 2 

+174 


“ =139 A 5 /mo]ecule. 6 Subphase concentration 

M. ‘After 120 min * Initial equilibrium film pressure 
dynes/cm. 


1.6 X 10~‘ 
8.3 ± 0.2 


benzyldimethylammomum chloride homolog into the subphase. 
After a finite period of time, the surface pressure again began to 
increase rapidly This second phase of the surface pressure increase 
was then followed by either a slow increase or a leveling ofiU>f the 
F-t plot 

The surface potential also increased rapidly initially and reached 
a plateau level at approximately the same time as the surface pres- 
sure (Fig 8) However, as the second phase of surface pressure 
occurred (Fig 7), the surface potential began to decrease The re- 
sults are summarized in Table II. Linear relationships were also 
observed between AFand alkyl chain length (r = 099) and A(AK) 
and alkyl chain length ( r - 091) Compression curves of the pre- 
viously penetrated mixed monolayers are shown in Fig. 9. 

It was not possible to study the penetration into the mixed film 
at constant pressure because the film could not be expanded rapidly 
enough without: (a) causing disturbances in the surface, and/or 
(b) maintaining a constant film pressure during the second phase 
penetration. However, the attempted experiments indicated that the 
same type of process occurred as with penetration of the mixed 
film at constant area, i e , an initial increase and plateau followed 
by a rapid increase in the surface area. 

Penetration of Alkylbenzyldimethylammomum Chloride into 
Gliadm Films in the Presence of Protamine — The procedure was the 
same as that used previously, and the penetration was followed as a 
function of the change in surface pressure and surface potential 
Following the introduction of the C u alkylbenzyldimethylam- 
momum chloride homolog into the subphase (1.6 X 1G” 6 M con- 
centration), there was an immediate and rapid increase in the sur- 
face pressure to a plateau level which was reached within 10 nun. 
This increase was paralleled by a similar increase and plateau m the 



Figure 9 — Compression of ghadm-cephalm monolayers preciously 
penetrated at a constant area of 139 A* l molecule. Subphase cm - 
cent rat ion of utkylbenzyldimethyiammmium chloride = 1.6 X 
M. 
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surface potential A plot of the change in surface pressure and 
potential as a function of time is shown in Fig 10c/ 

Penetration of Alkylbenzyidimethylammomum Chloride into 
Gliadm -Cephalm Films in the Presence of Protamine — The procedure 
and conditions for this study were those used for the preceding 
study The changes in surface pressure and potential lersus time 
are shown in Fig 10 b 


DISCUSSION 

Cutler et al (10) reported that peak bactericidal activity for the 
alkylbenzyidimethylammomum chloride homologs occurs at an 
alkyl chain length of 14 carbon atoms when tested against both 
Gram-positive ( Staphylococcus aureus) and Gram-negative ( Sal- 
monella typhosa and Pseudomonas aeruginosa) organisms To gam 
insight into the mechanism of action of the alkylbenzyldimethyl- 
ammonium chloride homologs against Gram-positive and Gram- 
negative organisms, various ui vitro experiments were performed 
with the aim of correlating some of the physical properties with the 
observed bactericidal activity of this series of compounds 

The initial rapid increase in surface pressure shown m Fig 2, 
which occurs within 10-15 mm , is attributed to the penetration of 
alkylbenzyidimethylammomum chloride into, and its association 
with, the ghadm monolayer. The surface potential (Fig 3) also 
shows a rapid increase during this time period However, the rate 
of increase of the surface potential decreases and then levels off 
within the first 10-15 mm , whereas the surface pressure continues 
to increase but more gradually The A(AV) data indicate that the 
distribution of alkylbenzyidimethylammomum chloride between 
the mterfacial region and the subphase is essentially complete within 
15 min, of its introduction into the subphase However, the sub- 
sequent penetration process is slower and continues, although at a 
slower rate, beyond the first 15 mm 

Following anchorage to the gliadin monolayer, it can be postu- 
lated that the alkylbenzyidimethylammomum chloride molecule 
undergoes a reorientation, followed by penetration of the hydro- 
carbon tail and benzyl ring into the monolayer This reorientation is 
necessary because the initial step, prior to actual penetration, 
presumably involves an interaction between the polar head groups 
of the gliadm and alkylbenzyidimethylammomum chloride. Fol- 
lowing this reorientation, the hydrophobic portion of the alkyl- 
benzyldimethylammomum chloride molecule then associates with 
the hydrophobic ammo acid side chains 

The compression to minimum area of a film previously penetrated 
at constant area can provide further information on the association 
complex formed between the materials That the compressed pen- 
etrated films shown m Fig 4 attained a higher film pressure at the 
minimum area indicates that the penetrant is not expelled from the 
interface! area but is held there by a strong association with the 
gliadin 

The data presented m Table I indicate that the results observed 
were not due to simple passive adsorption of the surface-active 
material at the interface Thus, the surface pressures generated by 
the presence of 1.6 X 10" s M alkylbenzyidimethylammomum 
chlonde confirm the observation that the affinity of alkylbenzyi- 
dimethylammomum chloride for the insoluble film is greater than 
the tendency toward simple passive adsorption Consequently, 
given sufficient area, alkylbenzyidimethylammomum chlonde 
molecules will penetrate the insoluble film until all the sites where 
association can take place are filled. 

It was shown (9) that data on the formation of the association 
complex can also be gained from penetration studies conducted at a 
constant surface pressure and monitored as the change in surface 
area with time. The curves generated by this technique (Fig 5) are 
similar in profile to those for the association between cholesterol 
and sodium cetyl sulfate and between cholesterol and saponin (9) 
Recompression (Fig 6) again shows the presence of a strong as- 
sociation between gliadm and alkylbenzyidimethylammomum chlo- 
ride 

The expansion curves in Fig 5 are the result of two simultaneous 
processes which can be described as follows (9) . (a) interaction of 
the solute with the film-forming molecules, the stoichiometry of 
which is indicated by the value of the area, extrapolated to zero 
tune, and (A) solution of the injected solute m the surface structure 
as demonstrated by the linear expansion. 

Extrapolation of the linear gradual increase to zero time will yield 
the area occupied by the stoichiometric complex formed between the 


Table m— Data Derived from Extrapolation of Linear Region 
of Gliadm Films Penetrated at Constant Pressure 


Homolog 


„ 

A s /Molecule 


Area Due to 
Alkylbenzyi- 
dimethyl- 
ammomum 
Chlonde, 
A* 


Ratio of 
Alkylbenzyi- 
dimethyl- 
ammomum 
Chlonde 
to Gliadin 


12 

970 

146 

13 

1090 

266 

14 

1480 

656 

15 

1520 

696 

16 

1640 

816 


two molecules (9) The values of A e , the area reached by extrapola- 
tion of the linear portion of the corrected curve to zero time, are 
given m Table III From a knowledge of the area occupied by the 
gliadin molecules and the cross-sectional area of the alkylbenzyi- 
dimethylammomum chloride molecule (1 1), the stoichiometry of the 
complex can be determined The molecular ratio of alkylbenzyi- 
dimethylammomum chlonde to gliadin is also presented m Table 

The penetration of alkylbenzyidimethylammomum chloride 
into gliadin-cephalm mixed films was followed as a function of sur- 
face pressure and surface potential lersus time Plots of these func- 
tions are shown in Figs 7 and 8. Penetration into the gliadin- 
cephahn films is characterized by an initial increase m surface pres- 
sure followed by a plateau This plateau is reached within 10 min. 
of the introduction of the alkylbenzyidimethylammomum chloride 
into the subphase and has a duration of up to 40 mm , depending 
on the homolog During this same time interval, the surface po- 
tential rises rapidly to a peak and then starts a gradual decline 
Comparison of Figs 7 and 8 during this time period with Figs. 2 
and 3 (gliadm monolayer) indicates that this rise m surface pressure 
and surface potential is due to the penetration of alkylbenzyldi- 
methylammomum chlonde and its association with the gliadm 
component of the mixed monolayer 

After this plateau region, a second, more drastic, process takes 
place During this phase, the surface pressure increases rapidly and 
then assumes an equilibrium value At the same time, the surface 
potential decreases slightly This surface pressure increase is at- 
tributed to penetration of the alkylbenzyidimethylammomum 
chloride into, and interaction with, the cephalm component of the 
monolayer, since this second phase process does not occur with the 
gliadin monolayer. No explanation is advanced at this time for the 
small, but real, decrease m surface potential 

Figure 9 shows the compression isotherms of the gliadin-cepha- 
hn monolayers previously penetrated at constant area by the alkyl- 
benzyldimethylammomum chlonde homologs As seen from this 
figure, the penetrated films collapse at the same area and pressure 
as the nonpenetrated film This indicates that during the course of 
compression, the alkylbenzyidimethylammomum chloride is pro- 
gressively forced out of the monolayer, which then behaves iden- 
tically with the two-component gliadin-cephalm film Previous work 
(1) demonstrated a bulk phase ionic interaction between cephalm 
and alkylbenzyidimethylammomum chlonde. In addition, it can 
be shown that the F-A isotherm for the mixed gliadin-cephalm 
film is slightly more expanded than expected on the basis of the iso- 
therm derived from the isotherms for the two single-component 
systems This latter phenomenon suggests only a minor interaction 
between gliadm and cephalm, since a more condensed film would 
be expected if a strong interaction existed. On this basis, a ration- 
alization of the behavior of alkylbenzyidimethylammomum chlo- 
ride, in the presence of the gliadm-cephahn mixed monolayer can 
be proposed Thus, the initial stage involves penetration of alkyl- 
benzyidimethylammomum chloride into and association with 
(through London forces) the gliadm component of the mixed mono- 
layer. Subsequently, the alkylbenzyldimethylammonium chlonde 
penetrates and interacts with the cephalm molecules in the mixed 
monolayer, the interaction in this case is ionic m nature. Upon 
compression of the penetrated monolayer, the alkyibenzyldimethyl- 
ammonium chlonde that is associated with the cephalm is expelled 
from the monolayer but remains anchored m the top layer of the 
subphase such that the polar head of the alkylbenzyldimethylam- 
momum chlonde is adjacent to the negatively charged site on the 
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MINUTES 

(b) 


Figure 10 — Penetration of Cu alkylbenzyldimelhylammomum 
Monde into (a) gliadm film in the presence of protamine at a con- 
stant area of 824 A* I molecule, and (b) gliadin-cephalin film at a con- 
stant area of 139 A^molecule in the presence of protamine Key •, 
AF, and O, A(AV) 

cephalm It is possible that at the relatively high surface pressures 
obtained at maximum compression, the gliadm may also be expelled 
from the monolayer Unfortunately, the present data do not permit 
an unequivocal statement on this possibility Were this to happen, 
it would presumably also occur m the compression of the simple 
(ue., unpenetrated) mixed gliadm-cephalm monolayer 
The AF and A(AK) versus time plots for the penetration of alkyl- 
benzyldimethylammomum chloride into gliadm (Fig lOo) and 
gliadin-cephalin (Fig 10 b) monolayers in the presence of protamine 
indicate that the same penetration process is occurring in both cases 
The gliadm content in the two films was essentially the same, the 
pure monolayer of protamine containing 9 82 X 10 14 molecules 
and the mixed monolayer containing 7.70 X 10 * 4 molecules of 
gliadm. That the penetration of the two monolayers was nearly iden- 
tical indicates that the presence of protamine screened the cephalm 
m the monolayer to the point that it was unable to interact with the 
alkylbenzyldimethylammomum chloride Thus, the C 14 alkylbenzyl- 
dunethylammomum chloride homolog interacted only with the 
gliadm component of the film, since there was approximately an 
equal amount of gliadm m each monolayer, the surface pressure and 
surface potential mcrease was similar 
Protamine is a highly basic protein having an isoelectric point 
greater than 12 (12) This is due to the high percentage (approxi- 
mately 70%) of the basic ammo acid arginine It was shown ( 1 3) that 
protamine forms an insoluble precipitate with cephalm However , as 
mentioned previously and as would be expected, the cephalm re- 
mains in the interface Certainly, the magnitude of the time-depen- 
dent rise in AF resembles that with gliadm on water (Fig 2) rather 
than that with gliadin-cephalin on water (Fig 7) The results ob- 
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tained here imply that, as might be expected, the cephalm remains 
at the interface It seems likely that the protamine attaches itself 
by charge neutralization to the negatively charged site on the cepha- 
iin molecule In the absence of protamine this would be the site for 
attachment of the penetrating alkylbenzyldimethylammomum chlo- 
ride ion. With the effective elimination (by neutralization) of this 
charged site from the interface, the alkylbenzyldimethylammomum 
chloride ion must depend upon the gliadin for its ability to anchor 
onto and penetrate into the film 

CONCLUSIONS 

In view of the experimental results and ensuing discussion derived 
from the model bacterial cell wall, a general theory can be put for- 
ward on the mechanism of action of the homologous series of alkyl- 
benzyldimethylammomum chloride bactericides It must be real- 
ized, however, that the studies discussed here are concerned with 
only the first event occurring m the sequence of events leading to cell 
lysis (14), namely, adsorption onto and penetration of the surface 
of the porous bacterial cell wall The model does not concern itself 
with transport through the cell wall and the underlying cell mem- 
brane, although it does allow extrapolation of the results obtained 
to these situations 

The observation that peak activity of the alkylbenzyldimethylam- 
monium chloride series resides with the Cu homolog is probably 
related to more than one physical property of the series. It is un- 
likely that the Cu homolog would possess maximum activity in a 
series due to its particular intrinsic structure, especially since its 
action has been theorized to be nonspecific Rather, it appears that 
this homolog owes its activity to a combination of effects which 
determine the relative ease with which the homolog can get to the 
active site and then exert its action. Thus, the hydrocarbon chain 
of the molecule is needed so that the material will be adsorbed at 
the bacterial interface m sufficient quantities. This is related to the 
fact that the longer the hydrocarbon chain, the greater the tendency 
to be adsorbed at an interface Also, it is certain that the omum 
head group is needed for bactericidal activity This omum head 
group also lends aqueous solubility to the molecule; thus, its func- 
tion should not be overshadowed by the hydrocarbon chain As 
such, the magnitude of the bactericidal activity of a particular homo- 
log would be dependent on a balance between two physical prop- 
erties, the aqueous solubility and the relative surface activity, one 
of which decreases with increasing chain length and the other of 
which increases 

A gliadin monolayer was used as the model system for Gram- 
positive bacteria whose cell walls are principally protein. The pene- 
tration studies conducted indicate that the alkylbenzyldimethyl- 
ammomum chloride molecule was able to penetrate into and become 
bound to the protein molecules m the insoluble monolayer Extrap- 
olation of these results to the bacterial cell wall suggests that the 
alkylbenzyldimethylammomum chloride ion exerts its effect through 
the development of London forces with the lipophilic side chains 
of ammo acid residues of the protein As a result of this “solution” 
within the cell wall, the bactericide is then able to penetrate through 
the cell wall and disrupt the vital cell membrane This disruption 
would then lead to the irreversible permeability change and gross 
leakage from the cells, which is the first step m bacterial cell death 
04). 

The observation that Gram-negative organisms are more resist- 
ant than Gram-positive organisms to the action of ionic detergents 
has been ascribed to the difference in lipid content of the cell walls, 
the Gram-negative membrane having much greater amounts of 
phospholipid (15). Therefore, a gliadm-cephalm mixed monolayer 
was used as the model for the Gram-negative cell wall 

As noted previously, large quantities of the alkylbenzyldimethyl- 
ammonium chloride homologs were able to penetrate into the glia- 
din -cephalm monolayers m a two-step process However, following 
penetration, the alkylbenzyldimethylammomum chloride did not 
appear to be associated with the film, being expelled from the mixed 
monolayer on compression. However, it is likely that, because of 
the ionic interaction between alkylbenzyldimethylammomum chlo- 
ride and cephahn, the former remains anchored m the subphase im- 
mediately below the cephalm The phospholipid thus serves to pro- 
tect the cell membrane by reacting lomcally with the alkylbenzylr 
dimethylammomum chloride. Only after all ionic sites on the phos- 
pholipid have reacted with the alkylbenzyldimethylammomum chlo- 
ride can the bactericide penetrate through the cell wall and initiate 
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the increase in cell permeability that precedes death. This would 
account for the fact that higher concentrations of alkyibenzyldi- 
methylammomum chloride are needed to produce the same bac- 
tericidal effect m Gram-negative organisms than m Gram-positive 
organisms. 

It was previously observed (16) that the pnor addition of small 
amounts of cephahn to the bulk phase made Gram-positive bacteria 
more resistant to the action of quaternary ammonium compounds 
There are two possible explanations to account for this observa- 
tion, one or both of which may be operative. One possible explana- 
tion is that the phospholipid is adsorbed onto the cell wall and re- 
mains there, possibly partially penetrated or merely attached by 
ionic interactions When the cationic bactencide is added to the 
solution and adsorbed onto the cell, it may interact lomcally with 
the cephalm m much the same way as is proposed for the simulated 
Gram-negative cell wall In this way, the Gram-positive organisms 
would be protected Another possible explanation is that the cepha- 
hn in solution interacts with the aUcylbenzyldimethylammonium 
chloride m solution, thereby producing an inactive interaction prod- 
uct As a result, the effective concentration of the bactericide would 
be decreased. The conductometric studies (1) confirmed that cepha- 
lm and alkylbenzyldimethylammonium chloride reacted with each 
other in solution, probably through ion-pair formation to form a 
large complex. Thus, this explanation is also feasible 

It was also observed (17) that addition of protamine to the bulk 
phase causes Gram-negative bacteria to become more susceptible 
to the action of quaternary ammonium bactericides. Monolayer 
studies indicated that protamine is able to interact with the cephalm 
m the film This interaction between cephalm and protamine could 
then nullify the ionic interaction of the phospholipid with the alkyl- 
benzyldimethylammonium chloride The model may then be con- 
sidered as having been changed from that representing a Gram- 
negative bacterial cell wall to that simulating a Gram-positive cell 
wall. The bactericide would then be free to interact with the protein 
and freely penetrate the cell wall and cell membrane 

Thus, as a result of studies on a simulated bacterial cell wall, it is 
felt that the alkylbenzyldimethylammonium chloride series of qua- 
ternary ammonium bactericides exert their action by development 
of London forces with the protein component of the cell wall. This 
association then leads to penetration of the wail and alteration of 
the integrity of the cell membrane, with a resulting change in its 
permeability. This change in permeability allows low molecular 
weight metabolites to leak out of the cell, followed by complete 
lysis of the cell by the action of its own autolytic enzymes 
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Abstract 

Voss, J. C (Procter & Gamble Co., Cincinnati, 
Ohio). Effect of inorganic cations on bactericidal 
activity of anionic surfactants. J. Bacteriol. 
86:207-211. 1963. — The bactericidal effectiveness 
of two alkyl benzene sulfonates and of three other 
types of anionic surfactants against Staphylo- 
coccus aureus is increased in the presence of low 
concentrations of divalent cations, especially 
alkaline earths and metals of group IIB of the 
periodic table. The cations may act by decreasing 
the negative charge at the cell surface and in- 
creasing adsorption of the surfactant anions, 
leading to damage to the cytoplasmic membrane 
and death of the cell. Increased adsorption of 
surfactant is also found with Escherichia coli, 
but does not lead to death of the cell. 


Synthetic detergents are now widely used for 
purposes of cleaning and sanitation. The most 
commonly used synthetic surfactant is the anionic 
alkyl benzene sulfonate (C 12 ABS), in which the 
alkyl is a branched-chain dodecyl group com- 
posed of four propylene units. This compound 
has negligible bactericidal activity against gram- 
negative bacteria, but appreciable activity 
against gram-positive species 
In preliminary studies of the bactericidal 
activity of C Z2 ABS, 0.1 m phosphate buffer was 
used to control pH. An unexpected increase in 
bactericidal activity of C Z2 ABS against Staphylo- 
coccus aureus w T as observed. Addition of other 
salts (NaCl, KC1) instead of the buffer showed 
this to be a nonspecific effect of electrolytes, 
rather than solely an effect of pH. The work 
reported here shows that the activity of C 12 ABS 
and other anionic surfactants against S. aureus 
may be greatly increased by the addition of some 
divalent inorganic cations. 

Materials and Methods 

Five anionic surfactants were studied. The 
C 12 ABS was approximately 99% surfactant; 


C15ABS, with a pentapropvlene side chain, was of 
similar purity. Lauryl glyceryl ether sulfonate 
was 98.5% surfactant. Lauryl trioxyethylene 
sulfate w r as used as a paste containing 55.4% 
surfactant plus water and a considerable amount 
of NasSO^ . Lauryl sulfate w r as used as a product 
containing 90% surfactant and 10% inorganic 
salts. All three lauryl derivatives were prepared 
from fatty alcohol produced by reduction of 
coconut oil fatty acids, and containing pre- 
dominantly lauryl alcohol. All of the surfactants 
were used as the sodium salts. 

The test organisms, S, aureus ATCC 6538 and 
Escherichia coli ATCC 10536, w r ere grown for 24 
hr at 37 C in Brain Heart Infusion broth (Difco), 
centrifuged, washed once in w'ater, and resus- 
pended in water to the original volume. A 2-ml 
portion of the suspension of washed cells was 
added to 18 ml of the test solution at 37 C; the 
final pH was 5.9 to 6.8. The initial population 
was 100 to 150 million per ml for both organisms, 
by plate count on Brain Heart Infusion Agar. 
Plate counts were made in duplicate after IG-min 
exposure of the cells to the test solution at 37 C. 

Electrophoretic measurements on suspensions 
of S. aureus were made by moving-boundary 
electrophoresis, using a Perkin-Elmer model 38A 
instrument. 

Adsorption of C 12 ABS by S . aureus and E. coli 
was determined with S 35 -tagged C Z2 ABS, with a 
specific activity of 10 to 16 mc/g. The adsorption 
was carried out for 15 min at 37 C in a volume 
of 10 ml; the cells were then centrifuged, re- 
suspended in water, and sampled for radioassay. 
Because the adsorption is readily reversible, the 
cells could not be washed without loss of a large 
fraction of the adsorbed C Z2 ABS 35 . Calculations 
of adsorption were corrected for an average 1% 
carry-over of the supernatant. The samples were 
assayed for radioactivity by counting in a liquid 
scintillation counter, using a Packard Tri-Carb 
spectrometer. 
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Nitrogen was determined by the micro- 
Kjeldahl method. 

Results 

The results of studies on the influence of a 
number of salts on the bactericidal activity of 
C 12 AB 8 against S. aureus are shown m Table 1. 
Under the conditions of the test, average survival 
after exposure to 25 ppm of C 12 ABS alone was 
85%. No differences between the effects of 
sulfates and chlorides were observed; different 
cations, however, varied markedly in their effect 
on the bactericidal activity of CjoABS. The most 
effective were divalent alkaline earth cations, and 
especially those metals belonging to group IIB 
of the periodic table. It will be noted that in- 
creased bactericidal activity could still be ob- 
served at salt concentrations which were lower 
than the concentration of C 12 ABS; addition of a 
quantity of CaCl 2 insufficient to convert all of 
the C 12 ABS to the calcium salt still permitted 
only 28% survival of the test organism. With 
the exception of HgCl 2 , none of these salts 
displayed significant bactericidal activity when 


tested alone at the concentrations shown. Cells 
stained after death showed no visible alterations 
and no loss of their gram-positive character. 

Other work showed that the effect of CaCl 2 in 
increasing bactericidal activity was not di- 
minished in the presence of a tenfold molar 
excess of NaCl; no antagonism between the 
cations was observed. 

Since divalent cations had proved effec- 
tive, the effect of a “divalent organic cation” 
was tested. 1 , 4-Dimethyl- 1 , 4-diazoniabicyclo- 
( 2 , 2 , 2 ) -octane diiodide was prepared by reaction 
of triethylene diamine with excess methyl iodide, 
and was recrystallized from methanol. This 
compound, with two positively charged N atoms, 
was ineffective in increasing the bactericidal 
activity of 25 ppm of C i 2 ABS, when added at a 
concentration of 5 X 10” 4 m. 

Because the activity of C i2 ABS had been 
studied most extensively in the presence of 
CaCl 2 , the behavior of four other anionic 
surfactants in the presence of this salt was also 
determined. The data in Table 2 show that the 
effect of CaCl 2 in increasing bactericidal activity 


table 1. Per cent survival of Staphylococcus aureus after 10-min exposure at 87 C to 25 ppm of 
C&ABS ( 0.00007 M) a plus indicated salts 


Salt 


NaCl 
Na 2 S0 4 
KC1 
LiCl 
MgS0 4 
MgCla 
CaCl 2 
ZnCls 
BaCU 
CuSCh 
MnCla 
CdCi 2 
HgCl 2 
SrCl 2 
FeCl 3 
A1C1 S 
S 11 CI 4 

0 Used alone, 25 ppm of C 12 ABS gave 85% survival, 

& Parenthetical figures indicate number of replicate determinations, 
c HgClj control (no C 12 ABS): 0.21% survival. 
d HgCIs control: 17% survival. 

* HgCl 2 control: 39% survival. 
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table 2. Per cent survival of Staphylococcus aureus after 10-min exposure at 37 C to mixtures 

of anionic surfactants with CaCh 


Surfactant 

Concn 

CaCh 

Survival 


ppm 

M 

% 

CijABS 

25 (7 X lO’ 5 m) 

— 

85 (16)* 


25 

5 X 10"* 

5 0 (10) 


25 

lO" 4 

14 (3) 


25 

5 X 10* 3 

31 (4) 

CuABS 

25 (6 X lO’ 5 m) 

— 

24 


25 

5 x icr 4 

0 12 


25 

lO* 4 

0 15 


25 

5 X 10" 5 

0.26 

Lauryl sulfate 

25 (8 X 10~ 5 m) 

— 

56 


25 

lO* 3 

25 


25 

5 X 10" 3 

24 


50 

— 

35 


50 

10" 3 

0.52 


50 

5 X 10" 3 

4 1 

Lauryl glyceryl ether 

25 (6 X 10~ 5 m) 

— 

89 

sulfonate 

25 

5 X 10“ 4 

30 


50 

— 

63 


50 

5 X 10" 4 

2.6 


100 

— 

28 (2) 


100 

5 X 10" 4 

0.36 (2) 

Lauryl trioxyethylene 

50 (12 X lO" 6 m) 


25 

sulfate 

50 

5 X lO' 4 

8 6 


100 

— 

1.8 


100 

5 X 10' 4 

0.55 

None 

— 

5 X 10" 4 

100 


* Parenthetical figures indicate number of replicate determinations. 


against S. aureus is not limited to C 12 ABS but is 
also apparent with other detergent types. The 
effect was greatest, however, with the two alkyl 
benzene sulfonates. 

It seemed probable that increased kill of S. 
aureus by CuABS in the presence of added 
electrolyte was due to increased adsorption of 
the anionic surfactant by the negatively charged 
cell. Therefore, the adsorption of reduced concen- 
trations of C 12 ABS 35 was determined in the 
presence and absence of added CaCl 2 . The 
influence of CaCl 2 on adsorption of C 12 ABS 35 by 
the insusceptible E. coli was similarly determined. 
The results in Table 3 show that the adsorption 
of C 12 ABS 35 by S. aureus is indeed increased by 
CaCI 2 . Interestingly, although low concentra- 
tions of C 12 ABS have little or no killing action 
on E. coli, the adsorption of C 12 ABS 35 by this 


organism is somewhat greater than that by the 
susceptible S. aureus, and is similarly increased 
by CaCl 2 . 

Because of its effect on adsorption of Cj 2 ABS, 
a preliminary investigation of the influence of 
CaCl 2 on the electrophoretic behavior of S. 
aureus was carried out. Cells were suspended in 
0.01 m CaCl 2 or NaCl, and mobility was de- 
termined by moving-boundary electrophoresis. 
Mobilities of the suspended cells, in (p/sec)/ 
(v/cm), were calculated as 1.18 in CaCl 2 and 
3.30 in NaCl. Calcium ion is evidently more 
effective than sodium ion in reducing the net 
negative charge on the cell, and presumably in 
increasing adsorption of the C 12 ABS anion in 
that manner. 

As Hotchkiss (1946) showed, bactericidal 
activity of surfactants is accompanied by a 
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table 3. Adsoiption of CuABS u by bacterial cell suspensions m 15 mtn at 37 C 


Organism 


Added CuABS^ 

CaCl 

2 

C 12 ABS 35 adsorbed 
by cells 



ppm 


M 


% 

Staphylococcus aureus 

8 

8 

(2.2 X 10~ 5 m) 

2 

X 

10" 4 

2 0 

1 9 


8 


8 

X 

10- 3 

5 9 


8 


8 

X 

10" 2 

10 

Escherichia eoh 

9 

(2 9 X 10' 5 M) 


— ■ 


4 3 


9 


2 25 

X 

10- 4 

6.9 


9 


9 

X 

10“ 3 

13 


9 


9 

X 

10- 2 

18 


table 4. Release of mtroyen compounds from 
Staphylococcus aureus after exposure to 
CuABS and CaChfor 15 mm at S7 C 


CisABS 

CaCh 

Survival 

N in 

supernatant 

ppm 

M 

% 

pgiml 

— 

— 

100 

14 

25 

— 

90 

29 

25 

5 X 10~ 3 

1 3 

58 


leakage of the constituents of the cell into the 
environment. Table 4 shows that the increased 
kill of S . aureus by C 12 ABS in the presence of 
CaCl 2 is accompanied by release of nitrogen 
compounds into the solution. 

Discussion 

Relatively little work on the adsorption of 
electrolytes and surfactants at bacterial surfaces 
has been reported. Adsorption of cations at the 
negatively charged cell surface was indicated by 
the electrophoretic studies of Winslow, Falk, and 
Caulfield (1923); Ca ions seemed more readily 
adsorbed than Na ions. McCalla (1940) studied 
the adsorption of 10” 3 m and lower concentrations 
of H ions and of metal, alkali, and alkaline earth 
cations by E. call , and demonstrated preferential 
adsorption of Ca, Mg, Ba, Mn, and Hg; more 
strongly adsorbed ions were able to replace those 
less strongly adsorbed. The possibility of ad- 
sorption at sites other than the surface of the cell 
wall is indicated by the work of Harris, Eisen- 
stark, and Dragsdorf (1954), who obtained 
evidence that the site of adsorption of mercuric 
ions by E. coli, SalmoneUa pullorum f and Azoto- 
bacter agik is inside the cell wall, at the level of 
the cytoplasmic membrane. 


There is also electrophoretic evidence of the 
adsorption of surfactants on the cell surface. 
Dyar and Ordal (1946) demonstrated that the 
negative charge of several species is increased by 
the anionic surfactant sodium tetradeeyl sulfate, 
and decreased by the cationic surfactant cetyl 
pyridmium chloride This work, and that of Dyar 
(1948), implicated the surface lipides of the cell 
as the constituents primarily responsible for the 
adsorption of anionic surfactants. In contrast, 
Loveday and James (1957) found that the electro- 
phoretic mobility of Aerobacter aerogenes is 
decreased at low concentrations of phenol or 
sodium dodecyl sulfate and increased at higher 
concentrations; the increased mobility of the 
cells at the higher concentrations of phenol or 
dodecyl sulfate was attributed to adsorption of a 
second layer of ions by van der Waals forces, 
with the polar groups directed outward. The 
concentration of phenol or surfactant causing 
100% kill appeared to be that which gave com- 
plete formation of the first layer on the surface 
of the cell. 

If the action of surfactants is not directly on 
the cell wall, the difference in susceptibility of 
gram-positive and gram-negative species may be 
due to an inability of the surfactant ion to 
penetrate the more complex wall of the gram- 
negative cell, although adsorption on the cell 
wall has been shown to occur. The data given 
here support the assumption that cations are 
adsorbed on the negatively charged cell wall, or 
at the cytoplasmic membrane (Harris et al., 
1954), and promote the adsorption of surfactant 
anions. These appear to exert their bactericidal 
effect by altering the permeability of the cyto- 
plasmic membrane (Hotchkiss, 1946; Newton, 
1960). There is direct evidence (Salton, 1957; 
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Gilby and Few, 1957, 1960) that ionic sur- 
factants can disrupt the cytoplasmic membrane; 
in this way, they are able to cause the lysis of 
protoplasts. 

There is no a priori reason to expect a close 
correspondence experimentally between bac- 
tericidal action and adsorption of the surfactant; 
e g,, Table 3 shows no increased adsorption by 
S. aureus of 8 ppm of C 12 ABS 35 in the presence 
of 10“ 4 m CaCl 2 , although CaCl 2 concentrations 
as low as 10' 5 m cause decreased survival in the 
presence of 25 ppm of CisABS (Table 1). Only 
some fraction of the total surfactant adsorbed 
need penetrate to the cytoplasmic membrane to 
cause death of the cell. 

The well-known observation that polyvalent 
cations reduce the antibacterial activity of 
cationic surfactants may be mentioned here; 
reduction in activity may be due to exclusion of 
the surfactant from the bacterial surface. 

Thus, the role of the more effective cations in 
promoting the bactericidal activity of anionic 
surfactants against S. aureus appears to be in 
increasing adsorption of the surfactant at the cell 
wall; penetration of the anion to the cytoplasmic 
membrane then results in disorganization of the 
membrane, loss of intracellular metabolites, and 
death of the cell without distinct morphological 
changes. In this manner, the bactericidal activity 
of some anionic surfactants may be increased 
many-fold. 
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Contamination of Hospital Disinfectants with Pseudomonas Species 
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During the investigation of an outbreak of infection caused by 
Proteus mirabilts in the infants’ nursery it was found that solu- 
tions of disinfectants m use there were contaminated with viable 
Gram-negative bacilli. > The organisms cultured were not 
Proteus sp, and were quite unconnected with the outbreak. 
This finding prompted us to examine stocks of disinfectants 
in the hospital for the presence of living bacteria 
Subsequent investigation showed that aqueous solutions of 
Hibitane (chlorhexidine) and Savlon (cetrimide-chlorhexidine 
mixture in the ratio 10*1) issued from the pharmacy and in 
use throughout the hospital were frequently contaminated with 
organisms identified as Pseudomonas sp. The insidious nature 
of this contamination and its extensiveness seemed important 
enough to report, as such contamination may be more wide- 
spread than is generally supposed. 


Description of Investigation 

In the pharmacy batches of chlorhexidine and Savlon are 
made up m 100- and 90-litre quantities respectively by dilution 
of stock concentrate and then bottled m litre bottles. We 
sampled unopened and unused bottles of chlorhexidine 0 05 % 
from one batch, and Savlon 1 in 30 (chlorhexidine 0.05% 
and cetnmide 0.5%) from three batches. We also sampled 
residues m bottles returned from the wards from five batches 
of chlorhexidine 0 05% and five batches of Savlon 1 in 30 
All samples were found to be infected with Pseudomonas sp. 
The organisms found were not identical, and three distinct 
biochemical types were recognized, which we designated m rela- 
tion to initial positive sample numbers as Ps. 10, Ps, 60, and 
Ps. 65. Ps 10 was found in all the Savlon batches, and Ps. 60 
and Ps. 65, but not Ps. 10, were found in chlorhexidine. 

A search was made for the source of these organisms in the 
pharmacy, as the finding of positive cultures from unopened 
bottles suggested that contamination was most likely to be 
occurring there. Samples were taken from buik stock concen- 
trates of disinfectant, distilled water, measuring-jars, mixing 
containers, the measuring-stick, polyethylene tubing, bottle- 
filling apparatus, shelves, benches, sinks, and bottle-washing 
apparatus. Though many different organisms were found m 
some of these sites, none having the characteristics of Ps. 10, 
Ps. 60 or Ps. 65 was recovered. Freshly prepared batches of 
chlorhexidine and Savlon were also tested immediately before 
bottling, and were found to be sterile. The bottle-washing 
apparatus was sampled before a batch of empty Savlon bottles 
was washed and was free of pseudomonads, but after con- 
taminated bottles had been washed it was found to have become 
infected. Bottles contaminated with Ps. 10 were found to be 
still contaminated with that organism after washing, and an 
uncontammated bottle washed immediately after a contaminated 
one was found to have become contaminated. We therefore 
concluded that infection was being maintained by the presence 
of a residual inoculum of bacteria in the bottles before they were 
refilled with fresh (sterile) disinfectant In addition, washing 
contaminated bottles led to contamination of the washing 

•Registrar in CUmcal Pathology, United Birmingham Hospitals, 
f Consultant Bacteriologist, Queen Elizabeth Hospital, Birmingham 15. 


apparatus, so that infection would subsequently be transferred 
to clean bottles 

The manufacturers of chlorhexidine and Savlon recommend 
that bottles should be thoroughly rinsed m tap-water, preferably 
hot, and then drained before refilling, and that isopropyl alcohol 
4% v/v or ethyl alcohol 6% v/v should be added to the stock 
solutions once or twice a year to eliminate possible contami- 
nating organisms. In our pharmacy the bottle-washing 
apparatus is connected to the cold-water supply, and before 
recommending that a change should be made to hot-water 
washing the survival of the Pseudomonas strains isolated was 
tested at higher temperatures. Two strains, Ps: 10 and Ps. 60, 
were tested and proved to be remarkably resistant to high 
temperature, though it was noted that cultures exposed to 
higher temperatures took much longer to grow, and that a high 
percentage of the initial inoculum was killed. Nevertheless, 
exposure to a temperature of 70° C. for five minutes failed to 
sterilize the culture, and this implied that hot water could not 
be relied on to sterilize bottles before refilling, 

All three strains were found to survive m chlorhexidine 0.05% 
freshly prepared in the laboratory, and Ps. 60 was also able to 
survive in 0,1% chlorhexidine. When Ps. 10 was inoculated 
into Savlon 1 m 30 dilution prepared in the laboratory it failed 
to survive, though it had been initially isolated from Savlon at 
this concentration. This is at present under further investiga- 
tion. None of the strains was found to survive in 0.05% 
chlorhexidine containing 4% v/v isopropyl alcohol when tested 
in the laboratory, but recently a strain of Pseudomonas having 
the biochemical characteristics of Ps. 60 has been isolated from 
the residues in 3 out of 16 bottles which had been returned 
to the pharmacy after use. These bottles had contained 0.05% 
chlorhexidine and 4% v/v isopropyl alcohol. This latter 
finding indicates that continued use of isopropyl alcohol may 
ultimately select for strains resistant to both isopropyl alcohol 
and chlorhexidine, and thus that some other method such as 
autoclaving the returned bottles should be used to break the 
chain of infection, a conclusion reached by Lowbury (1951) in 
relation to bottles of cetrimide Kelsey and Maurer (1966) 
reported contamination of returned ward stock bottles and 
freshly filled bottles of a white disinfectant fluid with a 
Klebsiella species. They too recommend disinfection of bottles 
before refilling. 

Laboratory experiments to determine whether growth of the 
three strains of Pseudomonas would occur in Savlon and 
chlorhexidine were performed by inoculating 10 ml of Savlon 
1 in 30 with Ps. 10, and 10 ml. of 0.05% chlorhexidine with 
Ps 60 and Ps 65 separately. The dilutions were made from 
stock concentrate with sterile distilled water in laboratory glass- 
ware. Inoculation was performed with a straight wire from a 
single colony of the respective organism grown on nutrient 
agar. Viable colony counts were performed at intervals during 
a period of four weeks by spreading 0.1 -ml. volumes of an 
appropriate dilution on nutrient agar. Using this method we 
were able to demonstrate growth of Ps. 60 in 0.05% chlor- 
hexidine, but not of Ps. 65 in 0.05 % chlorhexidine or Ps. 10 in 
Savlon 1 in 30. The viable colony count of Ps. 60 in 0.05% 
chlorhexidine showed a 100,000-fold increase during a period of 
three weeks. 
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General Characteristics of the Organisms 

The three strains of Pseudomonas , Ps. 10, Ps. 60, and Ps. 65, 
were all motile Gram-negative bacilli, oxidase- and catalase- 
positive, and produced nonpigmented colonies on nutrient agar. 
Glucose was utilized by oxidation. Growth on artificial media 
was characteristically slow, and the initial isolations from dis- 
infectant solution required five to six days* incubation at room 
temperature before growth became apparent Further cultural 
and biochemical properties are listed in Table I. In the bio- 
chemical and cultural tests we have performed Ps. 60 has the 
characteristics of Ps. multivorans , as described by Stamer, 
Pallerom, and DoudorofT (1966) except that, like three of their 
19 strains, it failed to hvdrolyse gelatin, and, like one of their 
strains, it failed to give an egg-yolk reaction It is interesting 
that their strain 398, identified as Ps. multivorans , also lacked 
these two characteristics, and was one of the strains causing 
urinary infection in children described by Mitchell and Hay- 
ward (1966). 


Table I . — Cultural and Biochemical Char act eristics 


Gram stain 

Motility . . . 

Oxidase . . . . 

Catalase 

Glucose oxidation— fermentation teat 

Growth on MacConkey agar 

Growth on Cetuvlon agar 

Growth at 42° C 

Growth at 5° C 

Citrate utilization 

Gelatin hydrolysis 

Starch hydrolysis 

Nitrate reduction 

Urease . 

Gluconate 

Arginine dihydrolasc . . 

Egg-yolk reaction 



Discussion 

The isolation of bacteria from chlorhexidine stock bottles has 
been recently recognized, and in 1965 the manufacturers (I C I.) 
issued a circular on the subject with recommendations for 
reducing the incidence of contamination. However, reports 
of contamination of chlorhexidine and of clinical infection 
caused by these contaminants appeared in 1 966. Mitchell and 
Hayward (1966) described seven cases of infection of the 
urinary tract m children after cystoscopy. The source of the 
infection was traced to the chlorhexidine solution used for 
disinfecting the bladder-irrigation reservoir. The infection was 
traced back further to the stock bottles of chlorhexidine 1/5,000 
in use in the hospital, and they concluded that the chlorhexidine 
solution had deteriorated on storage. Dulake and Kidd (1966) 
reported finding an organism most nearly identified as 
Alcaltgenes faecalis from the urine of 30 gynaecological patients 
undergoing bladder drainage by indwelling catheter. The same 
organism was isolated from the j'ar used for storage of spigots 
after these had been sterilized by boiling. The jar contained 
0.1% chlorhexidine. 

In other reports of contamination of disinfectants with 
Pseudomonas species cork closures of bottles have at times 
been implicated Lowbury (1951) concluded that contamination 
m bottles was being maintained by showers of bacteria from the 
cork. Anderson and Keynes (1958) concluded that the 
organisms did not actually survive in the disinfectant they were 
investigating (cetrimide) but that organisms were released from 
the cork when it was removed and thus passed out of the bottle 
with the disinfectant. Linton and George (1966) described a 
substance, probably a tannin present in cork (and tea), which 
is a very potent inactivator of chlorhexidine. They concluded 
that the neutralizing action of this substance was responsible 
for the contamination of chlorhexidine solution at Bristol. Cork 
closures have not been used in our pharmacy for several years, 
and all bottles tested in the present series had bakehte closures 


with rubber seals If a neutralizing substance is involved in the 
contamination here described we have so far not been able to 
demonstrate it. 

Clinical infections with these organisms have been described 
elsewhere. In our hospital we have looked for infection caused 
by Pseudomonas sp. other than Ps. aeruginosa m all urine and 
wound swabs received over a period of two months. For this 
purpose material was inoculated on to cetrimide agar (Lowbury 
and Collms, 1955) and after overnight incubation at 37° C 
keeping the plates at room temperatuie for a further four dajs. 
On no occasion were any of these strains isolated from urine, 
though Ps 60 and Ps. 65 had both been isolated from jars of 
chlorhexidine used for disinfecting cystoscopes From wound 
swabs se\eral other Pseudomonas sp. were isolated, but they 
were all of biochemical types that were distinct from our strains 
Ps. 10, Ps. 60, and Ps. 65 However, disinfectants may well 
have been the source of these wound infections, as the disinfec- 
tant solution may have become contaminated after issue to the 
wards Some support for this view is supplied by the isolation 
of Ps. putida and Aeromonas sp in addition to Ps. 10 from a 
mop and a thermometer standing in Savlon 1 in 30 in the 
infants’ nursery 

Another article better sterilized by other methods but com- 
monly sterilized by chemicals is the cardiac catheter. We 
investigated two patients undergoing cardiac catheterization 
where the catheter used had been sterilized in Savlon 1 in 30. 
Ps. 10 was isolated from the Savlon solution employed for 
sterilization Blood cultures were taken of venous blood from 
the right atrium via the catheter and of arterial blood from the 
brachial artery by means of a stainless-steel cannula that had 
been sterilized by autoclaving Six cultures were taken m all, 
and Ps 10 was isolated from each of them. We have not 
isolated Ps. 10 from blood cultures from suspected cases of 
bacterial endocarditis, but a serious potential threat obviously 
exists 

It is perhaps not generally appreciated how widespread con- 
tamination of chlorhexidine and Savlon solutions can become, 
so that ultimately all bottles of the aqueous solutions of these 
compounds may be contaminated at issue. To illustrate the 
extent of contamination Tables II and III record the isolations 
of Pseudomonas sp. from chlorhexidine and Savlon bottles 
issued by the pharmacy. Until the introduction of 4% v/v 
isopropyl alcohol all samples were contaminated. Since then 
very few isolations have so far occurred, but it seems possible 
that continued use of 4 % v/v isopropyl alcohol may ultimately 
result in selection for strains resistant to chlorhexidine and 4% 
v/v isopropyl alcohol. Later samples of all batches tested have 
been sterile ; thus the possibility that some organisms may have 
taken a rather long time to be killed by the low concentration of 
the alcohol cannot be excluded. 

Recently we have had the opportunity of sampling stock 
solutions of aqueous chlorhexidine and Savlon in four other 


Table II — Organisms Isolated from Different Batches of 0.05% 
Chlorhexidine 


Batch 

No 


Date of 
I Preparation 


Volume 

Prepared 

No of 
Bottles 
Sampled 

Source of 
Sample 

100 litres 

1 

Used bottle 

„ 

1 

n u 


1 

» >3 

» 

2 

>1 M 


2 

» » 


1 

Unused bottle 

M 

2 

Used bottle 


2 

»» »» 

„ 

2 

» ,» 

»> 

3 

» .* 

„ 

! 4 

„ 


1 

»» »» 

” 

2 

6 

Unused bottle 


6 

„ „ 

” 

12 

” ” 


Organisms 

Recovered 


5 

8 

9 

10 


12 

23 * 

24* 

25* 

26* 


28* 

29* 

32* 

33* 

44* 


16/5/66 

27/5/66 

1 / 6/66 

6 / 6/66 

9/6/66 

13/6/66 

27/7/66 

3/8/66 

8 / 8/66 

9/8/66 

11 / 8/66 

16/8/66 

22/8/66 

5/9/66 

8/9/66 

4/11/66 


Ps. 60 (2) 
Ps. 65 Cl) 
Ps. 60 


Ps 60(2) 
None (1) 
Ps. 60 (1). 
None (3) 
None 


* 4% v/v isopropyl alcohol added. 


221 



hospitals. In all these hospitals organisms similar to those here 
reported were found ; BO out of the 48 samples taken yielded 
a growth of Pseudomonas sp. In one pharmacy the distilled 


Table III — 0)gamsms Isolated from Different Batches of 1 m 30 
Savlon 


Batch 

No 

Date of 
Preparation 

Volume 

Prepared 

No of 
Bottles 
Sampled 

Source of J 
Sample | 

Organisms 

Recovered 

1 

3/5/66 

90 litres 

1 

Used bottle 1 

Pi 10 

2 

10/5/66 


2 

,» » | 


3 

20/5/66 


2 



3 

— 

_ 

1 

Unused bottle ! 


4 

1 31/5/66 

90 litres 

2 

Used bottle ' 

„ 

4 

i 


1 

Unused bottle 


5 

, 7/6/66 

90 litres 

2 

i Used bottle 


14 

, 19/8/66 

45 litres 

1 

Unused bottle 

None 

16* 

i 2/9/66 

60 litres 

6 


17* 

l 8/9/66 

„ 

6 



23* 

31/10/66 

” 

4 

i " ” 1 



* 4% v/v isopropyl alcohol added. 


water used for dilution was found to be heavily contaminated 
with the same organism found in samples of disinfectant distri- 
buted throughout the hospital 
Storage of distilled water presents a special problem, and we 
recommend that freshly distilled water, hot from the still, be 
used. But, this apart, it is important to decide what practicable 
steps can be taken to prevent contamination assuming significant 
proportions. If chlorhexidine solutions are sterile at the time of 
bottling sterilizing the bottles will at least ensure that supplies 
leave the pharmacy uncontaminated. If in addition 4% v/v 
isopropyl alcohol is added to aqueous preparations the chance 
of subsequent contamination on the wards will be very greatly 
reduced Though these organisms are not highly pathogenic 


they are capable of causing human disease under certain circum- 
stances, and unless steps are taken to rid stock solutions of this 
contamination further case reports can be confidently predicted. 


Summary 

Contamination of stocks of chlorhexidine and Savlon with 
Pseudomonas species resistant to the concentrations of chlor- 
hexidine and Savlon m clinical use is reported. The contamina- 
tion was maintained by a residual inoculum remaining m bottles 
after washing, and was spread to other bottles m the bottle- 
washing apparatus. It is suggested that some wound mfections 
may be caused by disinfectants contaminated either at issue 
by the pharmacy or during use on the wards The addition 
of 4% v/v isopropyl alcohol to aqueous preparations of both 
disinfectants was found greatly to reduce the incidence of 
contamination. 

We gratefully acknowledge the help of the group pharmacist, Mr. 
A. E. Marston, and other members of his staff throughout this 
investigation. 
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Resistant cells of Pseudomonas aeruginosa and a waterborne Pseudomonas sp. 
(strain Z-R) were able to multiply in nitrogen-free minimal salts solution containing 
various concentrations of commercially prepared, ammonium acetate-buffered 
benzalkonium chloride (CBC), a potent antimicrobial agent As the CBC concen- 
tration increased, growth increased until a point was reached at which the extent 
of growth leveled off or was completely depressed. Minimal salts solutions of pure 
benzalkonium chloride (PBC) containing no ammonium acetate did not support 
bacterial growth. When ammonium acetate was added to PBC solutions in the 
same concentrations found in CBC solutions, growth patterns developed that 
were comparable to those found with CBC. Likewise, (NH 4 ) _>S0 4 added to PBC 
solutions supported growth of both organisms. P. aeruginosa was initially resist- 
ant to CBC levels of 0.02% and it was adapted to tolerate levels as high as 
0.36%. Strain Z-R was naturally resistant to 0.4% CBC. Since ammonium acetate, 
carried over by the CBC used in drug formulations and disinfectant solutions, has 
the potential to support the growth of resistant bacteria and thus make possible the 
risk of serious infection, it is suggested that regulations allowing the presence of 
ammonium acetate in CBC solution be reconsidered. 


Benzalkonium chloride (a mixture of alkyl- 
dimethylbenzylammomum chlorides) is a surface- 
active quaternary ammonium compound. It is 
widely used as an antimicrobial preservative in 
pharmaceuticals and in clinical medicine to dis- 
infect thermolabile material. Bacteria resistant 
to benzalkonium chloride may become a serious 
health hazard if accidentally introduced during 
the use of a drug or disinfectant solutions con- 
taining this antimicrobial agent. This is espe- 
cially true if the particular preparation can pro- 
vide a suitable substrate for growth. 

During a comprehensive study on the resistance 
of bacteria to quaternary ammonium com- 
pounds, a strain of Pseudomonas aeruginosa and 
a water-borne Pseudomonas sp were found to not 
only survive but also to multiply in salt solutions 
containing commercial benzalkonium chloride 
(CBC). This study explains this occurrence and 
discusses its practical importance. 

MATERIALS AND METHODS 

Organisms. P. aeruginosa was ATCC strain 9027. 
The waterborne organism (hereafter referred to as 
strain Z-R) was originally isolated from well water; it 
possessed a single polar flagellum and compared 


exactly with the description of P fluorescens (1), ex- 
cept that no pigment was produced 

CBC. CBC refers to commercially prepared benzal- 
konium chloride and ammonium acetate m aqueous 
solution meeting the requirements of U.S Pharma- 
copeia (USP) XVII. Ammonium acetate is allowed 
as a buffer in such solutions at a level of no more 
than 40% of the final concentration of CBC The 
CBC solutions used in these experiments contained 
ammonium acetate at a concentration of 38%, of the 
weight of CBC. This type of preparation is registered 
under various trade names and is commonly used 
as an antimicrobial preservative in pharmaceutical 
products and as a disinfectant for medical and sur- 
gical materials. 

Aqueous solutions of pure benzalkonium chloride 
(PBC) also met the requirements of USP XVII and 
differed from CBC solutions only m that they did not 
contain ammonium acetate 

Media. P aeruginosa and strain Z-R were con- 
tinually subcultured m a sterile minimal salts-CBC 
medium composed of the following (per liter of triple 
distilled water)* NaCl, 3,31 g, Na>HP0 4 , 2 58 g, K.C1, 
2 23 g; KH 2 P0 4 , 7.42 g; and CBC, 01% (v/v) 
Sterilization was achieved by filtration through a 
0 2-jum membrane (Milhpore Corn , Bedford, Mass.) 
If~ increased growth yields were required, sterile 
glucose in a final concentration of 0 5% (w/v) was 
added to the minimal medium along with the following 
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(pei liter) CaCl, 2H 2 0, 0.005 g, FeS0 4 -7H 2 0, 0 005 
g; MgS0 4 -7H 2 0, 0 1 g, and (NH 4 ) 2 S0 4 , 1 0 g Using 
this glucose-expanded salts medium, PBC (0 1%, 
v/v) could be substituted foi CBC. 

Growth of cultures. Cultures weie grown in 250-ml 
Erlenmeyer flasks containing 50 ml of medium or m 
test tubes (13 by 150 mm) containing 10 ml of medium 
Incubation was stationary at 30 C. Growth was meas- 
ured turbidimetrically by use of a Spectronic-20 
spectrophotometer (Bausch & Lomb, Inc , Rochester, 
N Y.) set at 545 nm 

Preliminary test for the selection of CBC-resistant 
bacteria. Bacterial isolates (including strain Z-R) that 
were to be tested for natural resistance to CBC were 
grown in tryptone soy broth (TSB); they were then 
centrifuged, washed several times, and suspended in 
minimal salts medium The suspensions were ad- 
justed turbidimetrically to contain about 10 8 cells/ 
ml; 1-mi samples were used to inoculate tubes con- 
taining 9 ml of a minimal salts-CBC test solution 
CBC was present at a final concentration of 0.02%. 
This concentration was selected on the basis of it 
being equal to or higher than the level of CBC con- 
sidered to be highly effective against a wide range of 
gram-positive and gram-negative bacteria (3, 4, 7) 
After incubation for 24 hr at 30 C, 1-ml portions were 
withdiawn from the test solutions and transferred into 
9-ml volumes of sterile TSB. If growth occurred in 
any of these TSB cultures, the organisms present were 
considered to have a degree of resistance sufficient 
to make them suitable for further study. 

Development of CBC resistance in P. aeruginosa. 
P aeruginosa was examined for its initial level of 
resistance to CBC by inoculating 01% glucose-ex- 
panded salts media containing increasing concentra- 
tions of the compound. The organism was found to 
giow consistently in concentrations of CBC up to 


0.02% Higher levels of resistance were successfully 
attained by inoculating solutions containing increas- 
ing concentrations of CBC in 01% glucose-salts 
medium with cells (at least 107 ml) from the highest 
CBC culture showing growth The concenti ation of 
CBC was mci eased m increments of 0 0025% In this 
manner, the organism acquired a tolerance to 0 36% 
CBC Since growth at this CBC concentration tended 
to be weak, cells to be used in different tests were 
grown routinely in 0 1% CBC or PBC 

RESULTS 

In the preliminary test for resistant isolates, 
strain Z-R remained viable after 24 hr m the 
0 02% CBC-salts test solution, as indicated by 
growth upon transfer in TSB. It was noted, how- 
ever, that after 72 hr the test solution itself be- 
came turbid. Examination under a phase micro- 
scope revealed actively dividing cells, suggesting 
that the turbidity was due to growth of the orga- 
nism. Cells from this test solution were centrifuged, 
washed three times, and suspended in minimal 
salts solution. Samples of 0 1 ml (about 10 7 cells) 
were used to inoculate test tubes containing 9.9 
ml of minimal salts solution and increasing con- 
centrations of three CBC preparations. Optical 
density readings were taken after 14 days when in- 
creases in turbidity had ceased. As is illustrated in 
Fig. 1A, the CBC-salts solutions supported the 
growth of strain Z-R (Fig. 1A), whereas no growth 
occurred upon replacement of CBC by PBC. How- 
ever, when ammonium acetate was added to the 
PBC-salts solutions in the same concentrations 



Fig 1 Growth of strain Z-R and P. aeruginosa in minimal salts solutions containing increasing concentrations 
of three types of benzalkonium chloride preparations Symbols: O, commercial benzol konium chloride contain- 
ing ammonium acetate; #, pure benzalkonium chloride {PBC) containing no ammonium acetate; A, PBC plus 
added ammonium acetate, (A) Strain Z-R; (B) P. aeruginosa. 
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Table 1 Effect of replacing ammonium acetate 
with either ammonium sulfate oi sodium acetate 
on the growth of strain Z-R and P aeruginosa 
in PBC-mmimal salts solution « 


Addition to minimal salts solution* 

Groi 

Strain 

Z-R 

>v t h r 

P aeru- 
ginosa 

None 



Pure benzalkonium chloride (PBC) 


_ 

PBC plus ammonium acetate 

+ 

+ 

PBC plus ammonium sulfate 

+ 

+ 

PBC plus sodium acetate 



Ammonium acetate 

+ 

+ 

Ammonium sulfate 



Sodium acetate 

1 

- 


rt Minimal salts solution was prepared as de- 
scribed in Materials and Methods 

{ * All additions were present at a final concen- 
tration of 0 1% (w/v) except for PBC which was 
0 1% (v/v) 

c Growth was read after 7 days of stationary 
incubation at 30 C. 

found in CBC solutions, strain Z-R resumed a 
comparable growth pattern. 

Cells of P. aeruginosa grown in 0.1% glucose- 
expanded salts solution containing 0.1% PBC 
were washed three times and suspended in 
minimal salts solution. These cells had not been 
adapted to PBC concentrations higher than 0 1 % 
The suspension (0.1 ml, IQ 7 cells) was used to 
inoculate minimal salts solutions (9 9 ml) con- 
taining increasing concentrations of CBC and 
PBC preparations. Growth was measured after 14 
days when the turbidity of the cultures no longer 
increased The CBC-salts solutions supported 
growth of this organism, whereas the PBC-salts 
solutions did not (Fig IB) As in the case of 
strain Z-R, upon the addition of ammonium 
acetate to the PBC solutions, growth patterns 
similar to that obtained with CBC solutions were 
observed. 

In an attempt to gain an initial understanding 
of the role ammonium acetate played in the 
nutrition of the two organisms, the experiment 
shown in Table 1 was devised. It was found that 
(NH 4 ) 2 S 0 4 , but not sodium acetate, could re- 
place ammonium acetate in the PBC-minimal 
salts solution and still allow each organism to 
grow. 

DISCUSSION 

The data presented indicate that low levels of 
ammonium acetate found in CBC solutions will 
support growth of benzalkonium chloride- 
resistant P. aeruginosa and strain Z-R, a water- 
borne Pseudomonas sp., whereas in solutions of 


PBC containing no ammonium acetate, no 
growth occurs The fact that ammonium acetate 
could be replaced by (NH 4 ) 2 S0 4 in PBC solu- 
tions suggests that a portion of the benzalkonium 
chloride molecule was being utilized for carbon 
and energy, whereas the strongly bonded nitro- 
gen was not attacked This, in turn, may lead 
to a chemical modification of the benzalkonium 
chloride molecule, possibly resulting m an inac- 
tivation of its antimicrobial action. Studies are 
currently underway in this laboratory to deter- 
mine in detail the nature of these events. 

The shape of the CBC growth curves in Fig 1 
may be attributed to several factors At lower 
levels of CBC, growth was presumably limited 
due to the low levels of ammonium acetate in- 
troduced with the CBC Assuming that the or- 
ganisms can obtain carbon and energy from some 
part of the CBC molecule m the presence of am- 
monium acetate, it appears that the ammonium 
portion of the ammonium acetate molecule, 
specifically the nitrogen atom, was the sole 
growth-limiting factor. Thus, an increase m CBC 
increased the nitrogen level and growth increased 
proportionally. 

In the case of strain Z-R, a point was reached 
above the 0 2% CBC level where the extent of 
growth was suppressed regardless of the am- 
monium acetate concentration. On the other 
hand, P aeruginosa , which had been adapted 
to 01 % benzalkonium chloride, grew optimally 
at this concentration but did not survive the 
increase to 0 2% CBC. 

In the formulation of a drug, it is mandatory 
that as few potential microbial substrates as feasi- 
ble be added. This decreases the chance of growth 
of resistant bacteria that may be introduced 
accidentally during normal use of the drug. The 
antimicrobial preservative should be the least 
probable source of bacterial substrate. In many 
drugs in which CBC is used routinely, the addition 
of ammonium acetate could be a detriment. For 
example, ophthalmics are usually composed of 
few organic compounds other than the active 
agent and the antimicrobial preservative, which 
m many instances is CBC. Under these conditions, 
ammonium acetate would at least enhance the 
growth of a resistant contaminant and could 
possibly be the sole supporter of growth. Indeed, 
contamination of ophthalmic solutions by P . 
aeruginosa and other microorganismsas resulted 
in numerous cases of serious eye infections (2) . 

The commonplace clinical practice of using 
CBC solutions as a means of disinfecting needles, 
swabs, catheters, and surgical instruments pre- 
cludes survival, much less growth, of bacteria in 
such solutions. However, many instances of 
pseudomonal bacteremia, occasionally fatal, have 
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resulted from the use of materials stored in con- 
taminated CBC solutions (5, 6, 7). Furthermore, 
stored, unused solutions of CBC (0.13' J pre- 
pared m a hospital pharmacy have been found to 
be highly contaminated owing to the growth of re- 
sistant bacteria (6). Again, ammonium acetate 
would only serve to greatly worsen these con- 
tamination problems. 

Strain Z-R was naturally resistant to CBC 
concentrations of 0.4%. This level is 20-fold 
greater than the 0 02% recommended for use in 
pharmaceuticals (3, 7, 8) and twofold greater 
than the 0.2% recommended for disinfection of 
medical materials (9) P aeruginosa was initially 
resistant to 0.02% CBC and was adapted to 
tolerate concentrations up to 0.36%. Both or- 
ganisms serve to illustrate the point that com- 
monly occurring bacteria can multiply in the 
presence of what is considered high concentra- 
tions of CBC if given a carbon and nitrogen 
source. Thus, the potential capacity of the am- 
monium acetate contained in CBC solutions to 
support growth of resistant bacteria with the 
possibility of serious consequences appears to 
overshadow any value ammonium acetate may 
have as a buffering agent under the conditions in 
which it is used. In view of this, it is important 
that the U.S P. regulation allowing its presence in 
CBC be reconsidered. 


LITERATURE CITED 

1. Breed, R S , E G D Muiray, and N. R. Smith. 1957 Bergey's 
manual ol detotmmutive bacteriology, p. 105 7th ed The 
Williams & Wilkins Co , Baltimoie 

2 Foster, J H S 1965, Pieservation of ophthalmic solutions, 

pait I Mlg Chemist 36:45-50, 

3 Giundy, W E 1968 Antimicrobial preset vatives in phaima 

ceuttcals, p 566-574 In C A LawienceandS S. Block (ed), 
Disinfection, stenluation and pieservation Lea and Febigei, 
Philadelphia 

4 Lawtence, C A 1968 Quatemaiy ammonium suifuce active 

disinfectants, p 430-452 In C A LawienceandS S Block 
(ed ), Disinfection, steuhzation and pieservation Lea and 
Febiger, Philadelphia. 

5 Lee, J C , and P J. Kialkow 1961 Benzalkonium chloride- 

souice of hospital infection with gram-negative bacteria J 
Amer Med Ass 177:708-710. 

6 Malezia, W F., E J Gangaios, and A F Goley, 1960, Bcn/ah 

komum chloride as a source of infection. N Engl J Med 
263:800-802 

7 Plotkin, S. A., and R Austrian 1958 Bacteiemia caused by 

Pseudomonas $p. following the use of materials stoied in 
solutions of a cationic suifaee active agent Amer. J. Med 
Set 235 621-627. 

8 Russel, A. D., J. Jenkins, and I. H. Harrison. 1967 The in- 

clusion of antimicrobial agents in pharmaceutical products, 
p. 1-38. In W W. Umbroit (ed ), Advances in applied micio 
biology Academic Press Inc., New Yoik. 

9 Spaulding, E. H 1968 Chemical disinfection of medical and 

suigical materials, p. 517 531 In C. A Lawrence and S S 
Block (ed.), Disinfection, sterilization and pieservation. lea 
and Febiger, Philadelphia. 


226 



Copyright © 1962 bt the • 

Reprinted from / pa mean Pharmaceutical Association 
mJ • Pharm ■ So. 51 , 770-772 ( 1962 ) 


Antihaeterial Activity of Mixtures of 
V * ernary Ammonium Compounds and 
Hexachlorophene 

By G. R, WALTER and W. S. GUMP 
Hexachlorophene and several 

were i evaluated for antibacterial , am ponium compounds in admixture 

for the evaluation of lotions j vitro techniques commonly employed 

mum decrease in activity occurrSI? j/Iu ° lntments * ^ was observed that a maxi- 
equimolar ratios. The formal C01 ?ponents of the mixture approached 

the antibacterial activity of * ^ ater ' inso ^ble complex tends to diminish 

cnvity ot mixtures when tested by broth dilution or agar plate 
techniques. 


N , f US ,,f thc * inactivation 

^ bactcnndal cationic suhstanccs , 

found m the literature ami several have been r< 
viewed by Lawrence (1). 

The anionic nature of hexachlorophene woul 
a so suggest a lesser antibacterial action in th 
presence ()f quaternary ammonium compounds 
me problem „f .^ndmn, the extent of hnwi 
> f any, was undertaken because of th 
usage of both hexachlorophene and qS 

lotionf amin,miuni t>nill l' (| unds in items such as 
t ons fx'wders, and creams. The methods se 

ected for bacteriological evaluation were those 
ommon y associated with the in vitro evaluation 
"f these materials; namely, the /.one of S 


^Received January 4, ltt», from Sind.r Corn., Delcwum, 
Accepted for publication j» B a»ry 20, 1902. 


tion type of test and the broth tube serial dilution 
technique. 


EXPERIMENTAL 

Alcoholic stock solutions of benzalkonium chlo- 
ride (alkylbenzyldimethylammonium chloride) and 
of hexachlorophene were mixed to give varying 
ratios of the active materials. In addition to these 
mixtures, equimolar amounts of hexachlorophene 
and benzalkonium chloride were brought to reac- 
tion in the following manner: To a solution of 8.1 
Gin. of hexachlorophene in 100 ml. of acetone was 
added 15 Gm of benzalkonium chloride (50% 
aqueous solution). The mixture was refluxed for 1 
hour, the acetone distilled, and thc solid removed by 
filtration, followed by drying at 50° in a 4-mm. 
vacuum. A slightly sticky material (15.5 Gm.) 
was obtained. The alkyl group in benzalkonium 
chloride represents a mixture of the alkyls C 8 Hn to 
the average being about Ci„H 2 7, therefore 
the molecular weight of benzalkonium chloride ap- 
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proximates 354 The complex obtained from 
benzalkonium chloride and hcxachlorophenc would 
be about 724 (one mole of hydrogen chloride being 
removed) and its chlorine content 29 4%. The 
analysis of the product described above gave 29 5% 
chlorine 

For the bacteriological evaluation, aliquots of the 
alcoholic mixtures were added to tryptic soy broth 
(Difco) followed by twofold serial dilution in addi- 
tional broth Broth tubes were inoculated with one 
drop of a 1 : 100 water dilution of a 24-hour A O A C 
broth culture of Staphylococcus aureus ATCC 
0538 (2). Tubes were incubated at 34° and growth 
was recorded by turbidity after 4 days A slight 
haze was observed to form when alcoholic aliquots 
were added to the first tube of the serial dilution 
series. It was thought that this haze formation 
might lead to excess variation in the test and obscure 
any small differences in end points that might occur 
For this reason, determinations were replicated 
seven times, each test being performed on a dif- 
ferent day The log means were analyzed for a 
significant difference from that of the hexachloro- 
pliene mean It may be noted from Table 1 that, 
while both components of the mixture were highly 


bacteriostatic per se, a maximum loss in activity 
was approached as the ratio of components ap- 
proached one to one 

An alternate approach for demonstrating the ob- 
seived loss in activity was performed with the aid 
of 13-mni filter paper disks (Schleicher & Schuell 
No 740-E) which were impregnated with 0 07 ml 
of alcoholic solutions of varying levels of hexachloro- 
phene and benzalkonium chloride The disks were 
dried at room temperature to remove solvent and 
then placed on seeded S aureus plates Replicate 
disks were prepared for each solutiop and placed 
on assay plates in a random manner The plates 
were prepared such that each plate (100 mm di- 
ameter) contained a 20-ml. base layer and a 6-ml 
seed layer of agar Dextrose tryptone extract agar 
( Difco) was employed for both the base layer and 
the seed layer. The inoculum consisted of a 1% 
(v/v) 24-hour A.O.A.C broth culture of S. aureus 
in agar used for the seed layer. Sharp, well-defined 
inhibition zones were obtained for both hexachloro- 
phene and benzalkonium chloride by this tech- 
nique. The loss of zone production by mixtures of 
the active materials may be noted in Fig 1 It 
may be observed that maximum loss of activity was 


Tad lb I — Bacteriostatic Levels of Mixtures of Hexachlorophene and Benzalkonium Chloride 

against SiaphyUu oct us aureus 

Bacteriostatic Levels (mcg./ml ) m Broth of Mixtures of the Following Composition 


Benzalkonium 


Chloride 

or 

100 

90 

80 

70 

00 

r>0 


10 

:«) 

20 

10 


0 


/o 

H exachlorophene 

0 

10 

20 

20 

•10 

50 


00 

70 

80 

90 

100 

Complex 

Run No. 1 

0 39 

0 78 

0 . 

78 

0 

78 

3.12 

3 12 

3 

.12 

1 5(5 

1 5(5 

0.78 

0 

78 

3.12 

2 

0.39 

0 78 

0 

78 

1 

56 

3 12 

(5 25 

6 

25 

3 12 

1 5(5 

0.78 

0 

39 

6 25 

3 

3 12 

0.39 

I. 

56 

0 

78 

1 5(5 

3 12 

3 

12 

0 78 

1,5(5 

0 39 

0 

39 

1 56 

4 

0 78 

0 78 

0 

78 

1 

5(5 

3 12 

6 25 

3 

12 

0 78 

1 .56 

0.78 

0 

39 

6.25 

5 

3.12 

3.12 

6 

25 

12 

50 

12.50 

12 50 

1 

5(5 

0 78 

0 78 

0 39 

0 

78 

3 12 

6 

0 39 

0 39 

0 

39 

0 

78 

1 56 

6.25 

3 

.12 

3 12 

3 12 

0 39 

1 

5(5 

6.25 

7 

0 39 

0 78 

1 

5(5 

1 

56 

0 78 

1 5(5 

1 

5(5 

1.56 

1.56 

0 78 

1 

56 

12.50 

Geometric mean 

0.78 

0.78 

1 

1(5 

1 , 

,56 

2 5(5 

4 60 

2 

74 

1.42 

1.5(5 

0.59 

0 

71 

4 65 

t a 





1 

56 

2 75 

4 88 

4 

19 

1 85 





4.72 


fl Value of t at the 0 05 level of significance for 12 degrees of freedom is 2.18 (U) 


Table II. — Zone Production by Equimolar Mixtures op Quaternary Ammonium Compounds and 
Hexachlorophene against Staphyioeocf us aureus 


Quaternary 

Ammonium 

Compound 

Concentration of Components—. 

of Mixture, meg. /ml 
Hexachlorophene Q A.C d 

— Inhibition Zone,« 

Hexa- 
chlorophene Q.A C. 

mm 

Equimolar 

Mixture 

Hyamine 1622* 

2500 

2750 

5 3 

1.2 

1 7 

Hyamine 10-X 6 

2500 

2580 

5.3 

1.1 

0 5 

Hyamine 2389* 

2500 

2250 

5.9 

2.0 

0 (> 

Cetylpyridinium chloride 

2500 

2070 

5 8 

0 4 

0 3 


a Hyamine 1022, (Rohm & Haas Co.) (dnsobutylphenoxyethoxyethvl)henzyldimethylnmmonium chloride, monohydrate 
o Hyamine 10-X (Rohm & Haas Co ) (<iiisobutylcresnxyethoxycthyl)ben/yldimethylannnoniuni chloride, monohydrate 
c Hyamine 2880 (Rohm & Haas Co ) Lulkyl(C9~GJa)methylhen7yI jlrtmethyltimuionmm chloride. d Quaternary ammonium 
compound*. * Average zone of three replicates to nearest 0 1 mm 
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BENZALKONIUM CHLORIDE 
0 20 40 00 80 100% 

1 1 EX AC II LORO PH EN E 

Fig L — Effect of varying ratios of hexachloro- 
plienc and benzalkonium chloride on the inhibition 
zone produced against S aureus Each point is the 
mean of three determinations Solutions were 0 1% 
with respect to total mixture present 

found at approximately a 1 : 1 ratio Alcoholic mix- 
tures of hexachlorophenc and benzalkonium chloride, 
examined by the plate technique, in which the 
hexachlorophenc level was held constant may be 
seen m Fig 2 A loss of activity as the mixture ap- 
proached a 1 * 1 ratio was observed. 

Several quaternary ammonium compounds struc- 
turally dissimilar to benzalkonium chloride were 
examined in equimolar mixtures with hexachloro- 
phene by the plate technique. As may be seen in 
Table XI, zones produced by these mixtures were 
also considerably smaller than those of the active 
materials per se, 

DISCUSSION AND SUMMARY 

Bacteriological examination of mixtures of quater- 
nary ammonium compounds and hexachlorophene 
demonstrated an antagonistic relationship when 
evaluated by tube dilution and agar plate tech- 
niques The maximum loss of activity was ob- 
served at an approximate equimolar concentration of 
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Fig 2 Diminishing zone production of a 1000 
meg /ml hexachlorophene solution with increasing 
levels of benzalkonium chloride 

each component of the mixture The loss of activity 
by broth dilution was less dramatic than on agar 
plates The haze observed in the broth tubes dur- 
ing the conduct of the tests indicates the formation 
of an insoluble reaction product This loss of ac- 
tivity was greatly magnified in the plate technique 
which relies on the ability of materials to diffuse 
through agar 

Mixtures of hexachlorophene and quaternary 
ammonium compounds produce a relatively in- 
soluble complex which is less active than the com- 
ponents, per se , of the mixture The activity loss is 
greatest at an equimolar ratio, and it must be as- 
sumed that one is determining the activity of the 
uncombined excess of one or the other component 
when ratios other than equimolar are examined 
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Editor’s Comments on Papers 23 and 24 


23 McGray, Dineen, and Kitzke: Disinfectant Fogging Techniques 

24 Chen and Ortenzio: Turbidimetnc Evaluation of Bacterial Culture Resistance in Disinfectant 
Testing 


These two articles deal with evaluation techniques. McGray, Dineen, and Kitzke 
were able to show that fogging with a quaternary ammonium compound was effective 
in controlling hospital contaminants — this, in spile of the attitude of some microbiolo- 
gists, that fogging with disinfectants has limited application. 

The Environmental Protection Agency (EPA) (and the USDA before the EPA) 
has been instrumental in evaluating methods for the efficacy of disinfectants. Chen 
and Ortenzio present a simple turbidimetric technique used for disinfectant testing. 
As a consultant to the EPA, I have had the good fortune of collaborating with a 
number of scientists in this area and have had the opportunity to evaluate some 
of the methodology for testing antimicrobials. 


230 



Copyright © 1 964 by MacNavr-Dorland Company 
Reprinted from Soap Chem. Specialities 40, 75-78, 1 12-1 14 (1964) 

Disinfectant Fogging Techniques 


Evaluation of this technique under actual hospital 
use conditions indicates disinfectant fogging can be 
an effective adjunct in overall contamination control 


By R. f. McGray*. P. Dineen, M.D.**, and E. D. Kitzke*f 


rjjrriHE possible role o£ a dis- 
^1 r* infectant in decontaminat- 
Ul mg the atmosphere of a 
room has a growing and interested 
audience, judging by the recent 
leferences in the literature. It is 


tempting to suspect that the recent 
availability of mechanical devices 
designed to monitor microbial pop* 
lations in the air may have some- 
thing to do with enlarging re- 
search in this area. The relative 
ease with which precise measure- 
ments of air and surfaces can be 
made certainly encourages explora- 
tion of this subject. 


Another and coincidental 
mechanical innovation in the field 
of disinfection has been the adap- 
tation of insecticide fogging devices 
to dispersing aqueous germicidal 
solutions. 

During the past year, there 
has been an increase in the number 
of hospitals investigating various 
forms of spraying or fogging ma- 
chines as a means to distribute a 
disinfectant vapor. There is evi- 
dence that the use of such ma- 
chines has grown considerably dur- 
ing this period and many hospitals 
are now relying on fogging period- 
ically as an additional tool for 
terminal disinfection. 

Although most hospitals do 
not utilize this technique at the 
present time, several firms have be- 
gun selling products specifically- 
intended for use as fogging dism- 


t Paper presented at 80th annual meet- 
ing, Chemical Specialties Manufacturers As- 
sn., Hollywood, Fla., Dec. 10, 1063. 


•Basic research department, S. C. John- 
son A Son, Inc,, Racine, Wis. 


••Department of Surgery, Cornell Uni- 
versity Medical College, Hew York Hospital, 
New York City. 


fectants The new techniques that 
are becoming available may revo- 
lutionize the entire approach to 
routine terminal disinfection of 
hospital rooms and greatly improve 
what has lately become nothing 
more than a hotel-like housekeep- 
ing practice. It is our intention in 
this paper to present some of the 
data we have accumulated on disin- 
fectant fogging as related to some 
of the devices used to disseminate 
mechanical generated fogs This 
research work was started as a re- 
action to the reports published in 
the past two years It was also clear 
that Federal regulatory and Public 
Health personnel were dubious 
about the efficacy of the germi- 
cidal fogs described in the reports 
This research program was origin- 
ally intended to confirm the prob- 
able inadequacy of the germicidal 
fogging techniques. 

In a paper presented before 


Figure 7. Challenger “Fogmaiter" Tri-Jel 
sprayer. Capacity one gallon dispensed in 
15 minutes. 



the 49th annual CSMA meeting in 
Washington, D. C., in December 
1962, Hauser, Crawford, and 
Clarke (1 ) reported on their work 
in germicidal fogging of sickrooms. 
They described the use of a Chal- 
lenger “Fogmaster" and a quater- 
nary ammonium disinfectant as a 
supplementary disinfection tool for 
hospitals. Considerable data had 
been accumulated by these workers 
and the test method which had 
been used was one approved by 
the officials of the USDA. This 
test method was accepted as a basis 
for registration of disinfectant fog- 
ging formulations. 

The preliminary work had 
shown that a stationary Challenger 
“Fogmaster", distributing 2,000 
ppm solution of quaternary am- 
monium chlorides, resulted in a 
reduction of contaminants of about 
90%. Using a motorized turn- 
table to rotate the fogging ma- 
chine slowly helped to distribute 
the fog uniformly throughout a 
room. This simple mechanical im- 
provement significantly increased 
the percentage reduction of con- 
taminants. Reductions of between 
91 and 100% were obtained on 
various surfaces at different posi- 
tions in test rooms. Both hard 
and porous surfaces were evalu- 
ated. 

Ostrander and Griffith (2.) 
at the Veteran’s Administration 
Hospital in Batavia, N. Y., have 
suggested other test methods. 

The Ostrander and Griffith 
method was developed as an evalu- 
ation test for disinfectant fogging 
under semi-practical use condi- 
tions. Practical in-use tests should, 
of course, be utilized in determin- 
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ing* the suitability of products for 
fogging. However, their method is 
based on survival recovery by swab- 
bing rather than subculturing the 
entire test surface. 

The use of painted plaster 
blocks in their method is note- 
worthy as an attempt to duplicate 
the wall surface of a hospital. 
These test surfaces are used only 
once and must be prepared about 
two months in advance of the ac- 
tual tests Since there are a num- 
ber of various types of surfaces in 
the average hospital room, it is 
difficult to accept a plaster surface 
as representative of a typical sur- 
face. A glass slide, conversely, does 
not offer any inherent variables 
and probably is the most inei t sub- 
trate on which to compare relative 
activity of \arious disinfectant 
formulations. 

In reviewing the methods 
suggested by these workers and 
based on our own experience, we 
feel that the method submitted by 
Hauser, et al has certain advant- 
ages. 

Of prime importance is the 
recovery of all possible surviving 
test organisms with certainty that 
the germicide involved is complete- 
ly neutralized in the test system. 
The use of AOAC Letheen broth 
for subcultures is essential for tests 
on quaternary disinfectants. Al- 
though most of our data are based 
on a quaternary germicide, other 
agents including specially formu- 
lated phenolics were used. In the 
case of phenolics, Letheen broth 
was also used as a neutralizing 
medium. 


The Hauser test method is a 
modification of the AOAC test (S ) 
for pressurized germicides. The 
percentage reduction is calculated 
by comparing the number of sur- 
vivors on fogged inoculated sur- 
faces with the number recovered 
from non-fogged control surfaces. 

Since it is more logical to 
subculture the entire test surface 
for survival determinations than 
attempt to swab a representative 
test surface, the glass slides were 
found most adaptable for this pur- 
pose. In the Hauser test method, 
the subculture Letheen medium is 
plated out for survivor counts, and 
also incubated to determine wheth- 
er 100% disinfection occurred on 
the individual test surfaces Inocu- 
lation of this subculture medium 
can be done later to determine 
whether bacteriostasis has occurred 
from geimicide carry-over on the 
test surface 

Our initial work was done 
with a stationary Challenger “Fog- 
master’' sprayer without a turn- 
table (Figure 1) Our early re- 
sults coincided with those reported 
by Hauser, et al To explore a sta- 
tionary device that could achieve a 
360° spray pattern, we experiment- 
ed with the use of humidifiers 
which operate on a centrifugal 
principle and which generate a fine 
mist (Figure 2) Using this de- 
vice, a reduction of only 70-75% 
was obtained We then attempted 
the turntable approach with a 
Challenger and immediately ob- 
tained an increase in effectiveness 
to 85-95% reduction 

Further experiments indi- 



Figure 2. Walton 
humidifier, centrifug- 
al, "cold steam'* 
generator. 



Figure 3. Challenger “Fogmaster” Tri-Jet, 
modified to oscillate vertically on a contin- 
uous basis. 


cated that the Challenger “Fog- 
master” could be made to perform 
more efficiently if it were adjusted 
to deviate from a fixed plane. A 
standard technique for fogging 
with the Challenger unit is to in- 
cline the direction of spray at a 
high angle A mechanical modifica- 
tion of a standard Challenger unit 
was made which caused it to oscil- 
late slowly and continually in a 
vertical plane, giving an up and 
down sweeping motion as the turn- 
table rotated the entire sprayer 
unit. (Figure 3) The improved 
performance resulting from this 
modification was substantial when 
compared with the use of a stand- 
ard stationary Challenger on a 
turntable. 

Our final modification of the 
Challenger being reported at this 
time consists of a timing mechan- 
ism which generally inclines the 
unit's head from a low angle to the 
maximum possible inclination for 
the unit (Fig. 4, cover) The timing 
mechanism is graduated in units of 
five minutes. It is possible, there- 
fore, to adjust the running time to 
dispense a gallon of disinfectant 
solution in a range of 15 to 30 min- 
utes. During its operation, the di- 
rection of spray is pointed first at 
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the floor, then at the wall and fin- 
ally at the ceiling. The net result 
of this multi-directional spray pat- 
tern is a helix or corkscrew-like 
fogging stream. 

Our laboratory data are 
summarized m Tables I and II 
Table I illustrates the gradual, in- 
crease in effectiveness as the various 
modifications in fogging techniques 
were made. It is quite clear that 
the evolutionary mechanical chang- 
es have made significant improve- 
ments in performance with the 
“helix” pattern and providing kill 
levels of 99 99% The helix form 
begins at the floor level, coiling 
upward toward the ceiling, thus 
providing a series of 360° sweeps 
with repeat layers of fog spray fall- 
out to wash and decontaminate 
the air. 

Table II contains data ob- 
tained using the self-inclining 
Challenger-turntable combination. 
These data in general agree with 
the results obtained by Hauser, et 
al, as exported at the 1962 annual 
CSMA meeting. Our data, how- 
ever, show gi eater percentage le- 
ductions 

Field evaluations to test the 
efficiency of fogging with the vari- 
ous modified Challenger units were 
performed at hospitals in Racine, 
Wise., and at Cornell University 
Medical Centei-New York Hospi- 
tal. Operating rooms and patient 
looms were treated with the disin- 
fectant fog. The antimicrobial 
evaluation consisted m using inocu- 
lated slides, recovery of surface 
contaminants before and after fog- 
ging, and air sampling with the 
Reymers Air Slit Sampler before 
and after fogging, (see figures 4, 
5 and 6) 

Surface contaminant recov- 
ery was done using both swabs and 
the special plastic Petri dishes 
known as Rodac plates (Falcon 
Plastics) . The Rodac plate was de- 
scribed at the 1963 CSMA midyear 
meeting by Dr. Engley(4.) and is 
considered by many investigators 
to give more representative results 
than swabbing. An impression 
plate, such as the Rodac, gives an 
accurate picture of the actual bac- 


Table I, Relative Effectiveness of Various Togging Mechanism 
Combinations Against S. Aarons 


Surfaces tested 


Average 

% reduction 

of inoculum 



1* 

2 

3 

4 

5 

Walls 

73 2 

81.9 

95 6 

99.44 

99.99 

Floors 

74 3 

92.5 

89.7 

99.99 

99.99 

Air** 

72.9 

78.0 

85.4 

99 88 

99.99 


(*: 1 - Walton “Herald” centrifugal cold steam generator 

2 - Stationary Challenger without turntable 

3 - Stationary Challenger with turntable rotating at 3 rpm 

4 - Reciprocating Challenger with turntable at 3 rpm 

5 - Self-inclining Challenger with turntable at 3 rpm) 

(•*: Test surfaces suspended from ceiling at different heights m room.) 


Table IX. Effect of Quaternary Ammonium Formulation (2,000 ppm 
active concentration) 

GRAM POSITIVE (Staphylococcus aureus) 


Hard Surface 


Soft (Porous) Surface 



Avg. % Kill 


Avg. % Kill 

Walls 

99 99 

Vertical Surfaces 

92.00 

Ceiling 

98 20 

Horizontal Surfaces 

99.00 

Floors, Tables, etc 

99.99 




GRAM NEGATIVE 

(Escherichia coli) 


Hard Surface 


Soft (Porous) Surface 



Avg % Kil> 


Avg. % Kill 

Walls 

99.99 

Vertical Surfaces 

99.99 

Ceiling 

99.99 

Horizontal Surfaces 

99.99 

Floors, Tables, elc. 100.00 




GRAM NEGATIVE (Pseudomonas aeruginosa) 


Hard Surface 


Soft (Porous) Surface 



Avg. % Kill 


Avg % Kill 

Walls 

99 30 

Vertical Surfaces 

96.85 

Floors, Tables, etc. 

99 99 

Horizontal Surfaces 

99.99 

Table III. Surface Contaminant Recovery in Rooms 

Treated 


with 15 Minute Fog. 




Colonies recovered 


Surfaces sampled in 

Before fogging After fogging 

Patient Room 

No of samples 

colonies No of samples 

colonies 

Floor 

3 

219 4 

107 

Sink 

1 

15 1 

2 

Bedside cart, top 

I 

7 1 

0 

Bedrail 

1 

1 1 

0 

Wall 

2 

11 3 

12 

Locker door 

1 

5 1 

0 


_ 

— — 

— 


9 

258 11 

121 



Colonies recovered 


Surfaces sampled in 

Before fogging After fogging 

Operating Roam 

No. of samples 

colonies No of samples 

colonies 

Floor 

7 

45 4 

9 

Cart top 

4 

5 2 

1 

Door 

1 

5 1 

0 

Lamp housing 

2 

4 2 

0 


— 

— — 

— 


14 

59 9 

10 


terial distribution on a surface as (Figure 7) The results obtained 

well as a quantitative reading. in our field tests substantiate the 
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exploratoiy evaluations in labora- 
tory test rooms. Using glass slides 
(1" x 3") inoculated with S 
aureus (FDA 209) the percentage 
reduction was determined in pa- 
tient rooms. From 99 8 to 100^ 
reduction was obtained on these 
simulated hard surfaces. 

Subculturing of the slides 
was done in AOAC Letheen broth 
to detect possible stasis from the 
quaternary ammonium disinfectant 
used. Incubation of the test slides 
in the recovery medium showed 
that in a significant number of in- 
stances, the slides had been com- 


plcteh disinfected 

Dining the course of many 
tiials, numeious sui laces in the test 
area weie swabbed or sampled 
with the Rodac plates before and 
after fogging of these hospital 
looms. With the exception of co- 
agulase determinations on recov- 
eied staphylococci, no attempt was 
made to classify all the types recov- 
ered before and after fogging. The 
quantitative analysis of the effect 
of fogging can be seen in Table II. 
Of the 258 colonies isolated before 
logging in one patient’s room, 35 
were staphylococci of which ap- 



Figure 6 Animal room disinfection using 
Challenger “Fogmaster” Tri-Jet and turn- 
table. 


proximately 50 % were coagulase 
positive. Of the 121 colonies iso- 
lated altei fogging, only three were 
staphylococci and only one was co- 
agulasc positive. 

Ail samples taken with the 
Reyniers sampler after fogging 
show a dramatic reduction in air 
contaminants. Close to 100% of 
air borne particles aie removed by 
fogging. Figure 8 shows an air 
sampler recovery dish with contam- 
inants picked up from a patient’s 
room before fogging, A woolen 
blanket was shaken at the begin- 
ning of the test and the blanket 



Figure 7. Rodac plates (Falcon Plastics) containing differential agar, 
showing “Staphylococcus” colonies. (Mannitol salt agar, “Staphyl- 
ococcus” Medium #100 (Difco), and A O.A.C. Letheen agar). 


Figure 8. Reyniers Air Slit Sampler plate, showing effects of air 
sanitizing fog on air borne contaminants. Plate shows bacterial pop- 
ulation from 60 cubic foot of air. (See text for details of test.) 
Read plate clockwise from black line 
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flora was then blown about the 
room with an air blast. The air 
sampler ran 15 minutes before it 
was shut down and covered. 

Fogging was then done for 
15 minutes. After a 20 minute 
waiting period, the room was re- 
entered with minimal activity and 
the sampler turned back on. Few 
colonies were recovered during the 
remaining 45 minute sampling per- 
iod. We had previously determined 
that the AOAC Letheen agar med- 
ium would neutralize any quater- 
nary carried over into the Reyniers 
sampler Other air sampling tests 
in laboratory test rooms have given 
equally significant results in air 
sanitization. 

The icsults wc have ob- 
tained in lab and field tests indi- 
cate that a significant reduction in 
bacterial contamination occurs 
when this fog technique is em- 
ployed to apply a quaternary am- 
monium formulation at 2,000 ppm 
active concentration. In controlled 
studies, 100% reduction is ob- 
tained regularly on hoii/ontal sur- 
faces Reductions of 98 to 99.99% 
are obtained on walls and other 
vertical surfaces. 

The possible residual effect 
of germicides deposited by means 
of a fog has not been evaluated for 
lack of a significantly reliable test 
method. With existing methods, 
no doubt residual antibacterial ac- 
tivity can be demonstrated. How- 
ever, residual action can perhaps 
best be shown by a long term eval- 
uation program based on regular 
and routine use of this fogging 
technique as a special adjunct to 
the standard terminal disinfection 
procedures Such a program is be- 
ing prepared for test under actual 
hospital conditions. 

It is evident upon close ex- 
amination of the cleaning and dis- 
infection procedures in many hos- 
pitals that the thoroughness of a 
given clean-up depends on attitude 
of individual employees. Effective 
procedures can be painstakingly 
devised without real benefit in the 
hospital where lack of interest or 


absence of training interferes with 
the program 

In too many instances today, 
routine disinfection of a hospital 
room is construed as a simple 
clean-up and clean-out Perhaps 
several surfaces m the room may 
hastily be wiped with a disinfect- 
ant solution, but time and avail- 
able labor do not permit effective 
coverage of all of the surfaces in 
the room 

Obviously, in contagious dis- 
ease cases, more emphasis is given 
to terminal disinfection procedures 
The technique of room disinfec- 
tion by means of an apparatus to 
dispense a germicidal fog certainly 
can also apply to such cases. At 
this time, the question of whether 
to initiate a program of periodical 
germicidal fogging of non-isolation 
rooms must be answered by those 
responsible for the prevention of 
cross-contamination in hospitals. 
It is likely that the lack of a labor- 
saving procedure for routine disin- 
fection has, until the present time, 
made it impractical to institute dis- 
infectant procedures for non-con- 
tagious areas. 

It would appear that fog- 
ging with a disinfectant formula- 
tion can be a highly effective ad- 
junct or supplementary technique 
to an overall contamination con- 
trol program. Used in combina- 
tion with cleaner-disinfectants, a 
maximum effort against cross-con- 
tamination can be launched with 
a minimal expenditure in labor 
costs. 

Fogging alone should not, 
of course, be considered as a com- 
plete disinfection treatment. It is 
not a “cure-all’' for infectious epi- 
demic control, but properly used, 
will prevent the establishment of 
“room reservoirs" of pathogens. 
Periodic use of this technique 
rather than reliance on infrequent 
or annual general housecleaning 
would seem to be preferable to 
avoid maintaining an active “pool" 
for cross-contamination between 
rooms. 

In theory, most water solu- 
ble germicides can be dispensed 


via fogging to obtain a degree of 
anti-bacterial activity. However, 
several considerations must be 
faced in the choice of the proper 
agent. To date, quaternary am- 
monium compounds of a low order 
of toxicity and irritation: at use 
concentrations (2,000 ppm) have 
been demonstrated to be effective 
as disinfectants by this technique. 
Certain phenolic camhkratioriy 
have been found to possess a 
marked demonstrable activity, but 
irritation to the operator and pa- 
tients has been a primary objection 
to their use. 

Other agents have been sug- 
gested for use in fogging applica- 
tions, but prior experience with 
them as cleaners limits their use 
due to excessive chemical deposit 
and build-up on equipment, floors, 
and walls. 

A certain amount of opposi- 
tion and natural disbelief in the 
efficacy of germicidal fogging has 
arisen which stems from a lack of 
experience with this technique. 
Evidence has been accumulating 
which impressively substantiates a 
basis for consideration of the tech- 
nique as a useful tool, not merely 
as an idea or theory. The disin- 
fectant industry as a whole is aware 
of the potential m effective anti- 
microbial procedures represented 
by disinfectant fogging. The ratio 
of labor cost to contamination pre- 
vention is favorable. 

Part of the burden shared 
by hospital administrators and in- 
fection control committees in set- 
ting up effective anti-microbial en- 
vironmental sanitation programs 
can now be substantially allevi- 
ated. Reliance upon the disinfec- 
tant industry for effective products 
can be extended to include new 
techniques for contamination con- 
trol. It is the responsibility of dis- 
infectant manufacturers to develop 
realistic solutions to the problem 
of environmental contamination. 

Summary 

In summary, fogging with a 
quaternary ammonium disinfec- 
tant by a procedure using a modi- 
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fied Challenger Fogmaster and 
turntable has been found to be 
effective in controlling hospital 
contaminants. The use of this pro- 
cedure m combination with other 
disinfecting clean-up methods will 
significantly improve the degree of 
antimicrobial control. Although 
several disinfectants may be feas- 
ible for fogging, quaternaries have 
been the agents of choice in most 
fogging applications. The proven 
effectiveness, low order of toxicity 
and irritation, and the cost factor 
involved with quarternaries are 
prime considerations in this choice 
An additional feature is the acute 


irritation property that forewarns 
the operator that this fog is a 
germicide and can be toxic. How- 
ever, within 15 minutes after fog- 
ging, the air no longer is irritating 
but in fact seems quite refreshing. 

Test methods for evaluating 
the efficacy of fogging are impor- 
tant. They can be performed with 
a minimum of expense and labor 
by hospital bacteriologists. The 
method by Hauser, as mentioned 
above, is a reasonable approach 
and may be explored with a va- 
riety of test organisms. Disinfec- 
tant fogging is considered by those 
who have evaluated it under actual 


use conditions to be a valuble tool 
m contamination control programs 
when used for the purposes intend- 
ed in its development. 
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Turbidimetric Evaluation of Bacterial Culture Resistance in 
Disinfectant Testing sy 

By JOHN H. S. CHEN 1 and L. F. ORTENZIO (Pesticides Regulation Division, Environmental 
Protection Agency, Agricultural Research Center, Beltsville, Md. 20705) 


A simple turbidimetric method has been de- 
veloped for determining the degree of phenol 
resistance of cultures used for disinfectant 
testing. Net transmission values are used to 
assess the degree of resistance; these are based 
on the measurement of the total amount of 
light scattered by the bacterial growth in the 
AOAC broth medium without interfering tur- 
bidity of the dissolved ingredients. A decrease 
in the net transmission value corresponds to a 
decrease in phenol resistance; the converse is 
also true. The transmission values obtained in 
a 10 month study of a total of 77 weekly random 
samples of AOAC nutrient broth media blanks 
showed no substantial differences among the 
broth media tested by the turbidimetric 
method. Net transmission values were ob- 
tained for 71 broth cultures of Salmonella 
choleraesuis, 74 of Staphylococcus aureus , and 
78 of Pseudomonas aeruginosa having the 
same required resistance against phenol. These 
values, which fell within a wider range than 
would be expected, are given. The effect of the 
number of 10-carrier-soakings on the net trans- 
mission value and equivalent phenol resistance 
of the cultures was determined for 60 broth 
cultures of the 3 test organisms named above. 
Soaking wet cylinder carriers in a given volume 
of test cultures used for the AOAC use-dilution 
test directly reduced the net transmission 
value and equivalently decreased the phenol 
resistance of the cultures. The turbidimetric 
method has proven experimentally satisfactory 
in several hundred determinations and in 
selecting test cultures of uniform quality for 
disinfectant testing. 

Maintaining the resistance of the test culture is 
of fundamental importance in the testing of 
sporicides, disinfectants, and sanitizers. The test 
procedure for evaluating these products must 
include the control provisions for determining the 
resistance of the test culture to phenol (with the 
exception of sporicides) during the test and in- 
corporating this resistance in the final results 
( 1 - 6 ). 


1 Present address: Pesticides Regulation Division, Environ- 
mental Protection Agency. Washington, D.C 20250. 


The standard culture method for maintaining, 
propagating, and restandardizing test cultures to 
the phenol resistance level desired was developed 
by Ortenzio ei al. in 1948 (7). Modifications in- 
volving the use of specific media, temperature, 
age of culture, and apparatus for making culture 
transfers have been introduced by many workers 
in recent years (7-17). However, considerable 
interest is still being shown in the cause of the 
variations resulting when the AOAC use-dilution 
test is performed under controlled conditions. In- 
direct evidence indicated that variations were due 
to changes in growth opacity, which is the quan- 
titative estimation of both number of bacteria 
and protoplasmic mass. Only indirect evidence 
was available because a suitable method for 
measuring the degree of growth opacity was 
lacking. 

In this study, a simple turbidimetric measure- 
ment method was developed for determining the 
degree of phenol resistance of cultures m disin- 
fectant testing; Anatone (Cudahy Laboratories, 
Omaha, Neb. 68107) is used as the source of pep- 
tone. After considerable basic study, the technique 
described below was tested and the observations 
on the precision of this method have proven the 
method to be satisfactory in several hundred 
determinations. 

Experimental 

Turbidimetric Measurement 

A Lumetron photoelectric colorimeter Model 401 
equipped with 14 mm tubes was chosen for this 
study. A standard set of 6 glass filters is provided 
which isolates properly spaced narrow spectral bands 
that are identified by the wavelength of their trans- 
mission maxima. This instrument is equipped with a 
single photocell which provides an inverse logarith- 
mic scale (absorbance) and, in addition, a uniform 
transmission scale (per cent transmission). 

The turbidimetric procedure for determining the 
degree of growth opacity of AOAC broth cultures 
corresponding to their resistance against the phenol 
dilution was based on a measurement of the amount 
of light scattered by the bacterial growth in the 
AOAC nutrient broth (2). The interfering turbidity 
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resulting from the dissolved ingredients in the broth 
was corrected for by subtracting the amount of light 
scattered by the dissolved ingredients from the 
amount of light scattered by the bacterial growth in 
the broth. When a Lumetron photoelectric colori- 
meter is used, the direct reading in logarithmic form 
is given as absorbance and the following equations 
are justified: 

Growth opacity = net absorbance value 

= logio L/Ic - log 10 Io/h 
— net transmission value 

« %n - %T e 

The equations above represent the light loss by 
absorption by the bacterial growth in the AOAC 
nutrient broth, where 1 0 , h, and h are the intensity 
of incident light, light scattered by the bacterial 
growth, and light scattered by the dissolved ingredi- 
ents in the broth, respectively, and Tb and T c are the 
transmission values of the broth and the culture, 
respectively. The concentration of bacterial growth, 
expressed as the degree of growth opacity, is directly 
proportional to the net absorbance value or net 
transmission value. For reading convenience, the 
uniform transmission scale was adopted in this study. 

Bacterial Broth Cultures 

Salmonella choleraesuis ATCC No. 10708, Staph- 
ylococcus aureus ATCC No. 6538, and Pseudomonas 
aeruginosa ATCC No. 15442 were used exclusively 
m this study. The stock cultures of 8. choleraesuis 
and S . aureus were maintained on nutrient agar 
slants (2). Ps. aeruginosa was maintained on semi- 
solid cystine trypticase agar stabs by monthly trans- 
fers (2). Daily transfers of these cultures were car- 
ried on AOAC nutrient broth as specified in the 
method (2). The 48 hr broth cultures were tested for 
their resistance to dilutions of phenol by the official 
phenol coefficient test (2) and their corresponding 
degree of growth opacity by the light transmission 
measurement method previously described. 

Phenol 

Pure chemical phenol (USP) that congealed at 
>39°C was standardized as a 5% solution by the 
official potassium bromide-bromate titration method 
(2). The minimum required resistances to phenol of 
S. aureus, S . choleraesuis, and Ps aeruginosa are 
1-65, 1-95, and 1-90 dilutions, respectively (2). 

Compilation of Data 

A total of 77 weekly random samples of AOAC 
nutrient broth media from this laboratory were ex- 
amined by using the turbidimetrie measurement 
method. The data were collected over a period of 10 
months. The results were subjected to statistical 
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analysis (18). The variation of transmission value of 
broth media was determined by the coefficient of 
variation, C = S/f, where C is the variation ex- 
pressed as a percentage, S is the standard deviation, 
and F is the mean transmission value During the 
same period, random samples of 71 broth cultures of 
S. choleraesuis, 74 broth cultures of S aureus, and 78 
broth cultures of Ps aeruginosa were examined to 
determine the frequency distribution ranges in terms 
of net transmission values An additional 45 samples 
of representative broth cultures of these test organ- 
isms were diluted aseptically with nutrient broth to 
a level in which the critical value of net transmission 
at the minimum acceptability could be determined 

An additional 60 broth cultures of these 3 test or- 
ganisms were tested to determine the effect of the 
number of 1 0-car ner-soakings on the net transmis- 
sion value and equivalent phenol resistance of the 
cultures. The objective was to establish the predic- 
tion equation relating absorbance to carrier-soaking. 
The best fitting straight linos for the plots of num- 
bers of 10- carrier-soaking -s vs. net transmission 
values were determined by the linear regression 
equation. The mathematical model for this analysis 
is: Y *■ a + b X (2), where Y is the net transmission 
value, X is the number of 10-camer-soakmgs, and a 
and 6 are the ?/-intereept and the regression slope of 
the linear regression line, respectively. 

Results and Discussion 

The results of a preliminary study of the tur- 
bidimetnc determination of 77 AOAC nutrient 
broth blanks on random samples over a period of 
10 months are shown in Table 1. Data indicate 
that there are no substantial differences among 
the broth media tested and that the laboratory 
systematic error (coefficient of variation of 
±1.42%) is considered normal (16). Individual 
systematic errors in making the broth media 
could contribute to the variations in the turbidi- 
metric results. On the basis of the evidence ob- 
tained (19), the variation caused by interfering 
turbidity in the AOAC nutrient broth blanks can 
be minimized. 

The mean values of net transmission and the 
frequency distribution (expressed in percentage 
units) for the test cultures are presented m Table 
2. The net transmission values obtained at the 
required resistance levels against phenol fall in a 
much wider range than most microbiologists 
would have expected. The broth culture of S. 
choleraesuis definitely showed a much lower mean 
net transmission value of 14.9% and a narrow 
range of 12-18% net transmission. The broth 
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Table 1. Transmission values of AOAC nutrient broth blank obtained by using the turbidimetric method 


Detn 

T, % a 

f -7 

(r - rf 

Detn 

T,%* 

?-r 

cr-Tf 

1 

59 0 

1.7 

2 89 

41 

60 0 

0.7 

0.49 

2 

59.0 

1.7 

2 89 

42 

61.0 

0.3 

0.09 

3 

59 0 

1.7 

2.89 

43 

62 0 

1.3 

1.69 

4 

60 0 

0.7 

0.49 

44 

61.0 

0.3 

0 09 

5 

60 0 

0.7 

0 49 

45 

59.0 

1.7 

2.89 

6 

61.5 

0.8 

0.64 

46 

59 5 

1.2 

1.44 

7 

61 0 

0.3 

0.09 

47 

60 0 

0.7 

0.49 

8 

59.0 

1.7 

2.89 

48 

61.0 

0.3 

0.09 

9 

59 0 

1 7 

2.89 

49 

62.0 

1.3 

1.69 

10 

60 0 

0 7 

0.49 

50 

62 0 

1.3 

1.69 

11 

60 0 

0.7 

0.49 

51 

61.0 

0.3 

0.09 

12 

61 0 

0.3 

0.09 

52 

60 0 

0.7 

0.49 

13 

60 0 

0 7 

0 49 

53 

61 0 

0.3 

0.09 

14 

60 0 

0 7 

0.49 

54 

61.0 

0.3 

0.09 

15 

60 0 

0.7 

0.49 

55 

61 0 

0.3 

0.09 

16 

61 0 

0.3 

0.09 

56 

62 0 

1.3 

1.69 

17 

60.0 

0.7 

0.49 

57 

61.0 

0.3 

0.09 

18 

60 5 

0.2 

0.04 

58 

61 5 

0.8 

0.64 

19 

60.0 

0.7 

0 49 

59 

60 0 

0.7 

0.49 

20 

61.0 

0.3 

0.09 

60 

60.0 

0.7 

0 49 

21 

61.0 

0 3 

0.09 

61 

62 0 

1.3 

1.69 

22 

61.0 

0.3 

0 09 

62 

61.5 

0.8 

0.64 

23 

61 5 

0,8 

0.64 

63 

61.0 

0.3 

0.09 

24 

61,0 

0.3 

0.09 

64 

62.0 

1.3 

1.69 

25 

61.0 

0.3 

0.09 

65 

61.0 

0 3 

0.09 

26 

60.5 

0.2 

0.04 

66 

60.0 

0 7 

0.49 

27 

62 0 

1.3 

1 69 

67 

61.0 

0.3 

0.09 

28 

61,0 

0.3 

0 09 

68 

60 0 

0.7 

0 49 

29 

61.0 

0.3 

0 09 

69 

60 0 

0.7 

0 49 

30 

60.0 

0.7 

0.49 

70 

61.0 

0.3 

0.09 

31 

60.0 

0.7 

0.49 

71 

60.0 

0.7 

0 49 

32 

60.0 

0.7 

0 49 

72 

62.0 

1.3 

1.69 

33 

60.0 

0.7 

0.49 

73 

61.0 

0.3 

0.09 

34 

60.0 

0.7 

0 49 

74 

60.0 

0.7 

0.49 

35 

60.0 

0.7 

0 49 

75 

62 0 

1.3 

1.69 

36 

61.0 

0.3 

0.09 

76 

62.0 

1 3 

1.69 

37 

61.0 

0.3 

0.09 

77 

61.0 

0.3 

0.09 

38 

62.0 

1.3 

1.69 

Av. (?) 

60.7 



39 

61.5 

0.8 

0 64 

Std dev. 

±0.86 



40 

60.0 

0.7 

0.49 

Coeff. ofvar.,% 6 ±1.42 




a Per cent transmission at 530 nm. 
b In authors' laboratory. 


culture of S. aureus yielded a higher mean net 
transmission value of 33.4% with a wider range 
(20-48%), which is caused by the higher density 
growing characteristic of this organism. With Ps. 
aeruginosa , the net per cent transmission was be- 
tween 25 and 51 and had the highest mean value 
of 40.2%. This suggests that a gentle handling 
technique should be exercised in separating* the 
pellicle from the broth culture. 

The acceptable and unacceptable ranges of the 
test cultures evaluated by the turbidimetric 
measurement are summarized in Table 3. The 
term “unacceptable' * as used here is associated 
with the net per cent transmission which is 
beyond or below the required resistance level 
against phenol. A definite relationship exists: As 
the net transmission value decreases, the phenol 


resistance decreases in a step-like fashion. The 
converse is also true. 

The acceptable range for the 8. choleraesuis 
culture is between 12 and 20% net transmission. 
This narrow range of growth indicates that the 
culture is remarkably easy to maintain during 
daily transfers. Outside of this range (<7 or 
>20%), the culture tends to be either less or 
more resistant than required for use in disin- 
fectant testing. The per cent net transmission 
range between 7 and 12 could be considered as 
marginal. 

The unacceptable broth cultures of S . aureus 
were found to be outside of the range of 20-45% 
net transmission. The cultures with a per cent net 
transmission of < 1 1 were considered to be weaker 
than the required resistance against phenol. The 
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Table 2, Frequency distribution of per cent net 
transmission 0 at 530 rnn of AOAC bacterial 
cultures employed in the use-dilution test 


Culture 6 

No. of 
Sam- 
ples 

Range 

Frequency 
Distribu- 
tion, % 

Mean 

Net 

T 

S choleraesuis 

71 

<12 0 

0 

14.9 



12 0-13.9 

25.35 




14 0-15 9 

43.66 




16.0-18 0 

31.99 




>18.0 

0 


$. aureus 

74 

<20 0 

0 

33 4 



20 0-29 9 

24.32 




30.0-39 9 

56.76 




40 0-48.0 

18 92 




>48.0 

0 


Ps. aeruginosa 

78 

<25 0 

0 

40.2 



25 0-34 9 

25.64 




35 0-44 9 

46 15 




45.0-51 0 

28 21 




>51.0 

0 



® Per cent net transmission calculated by subtracting 
the per cent transmission of the culture from the per 
cent transmission of the broth. 

6 S. c holeraesuis, S. aureus , and Ps. aeruginosa cultures 
were previously assessed for phenol resistance by the 
official phenol coefficient test and were found to be 
acceptable at 1-95, 1-65, and 1-90 dilutions, respectively. 

wide range of growth indicates that this organism 
is more susceptible to change during daily 
transfers 

The results with Ps. aeruginosa show that the 
acceptable range of per cent net transmission falls 
between 25 and 50 and the unacceptable range 
is much wider than for the other 2 organisms. 
This organism appears to be most difficult to 
handle for maintaining a consistent absorbance. 

These 3 test organisms are the most commonly 
used organisms in the AOAC use-dilution method 
(2) for determining the maximum safe use-dilu- 
tion for disinfectants. The sterile metal cylinder 
carriers are stored m a 0.1% solution of “Bacto” 
asparagine and when a series of wet carriers are 
inserted in a given volume of broth culture, they 
tend to dilute the culture, thereby weakening 
the cultures* resistance. 

Figure 1 shows the plot of the net per cent 
transmission vs. the number of 10-carrier-soakings 
applied for these 3 cultures. The slopes (6), pos- 
sible intercepts (ax and a%) of these lines, and the 
correlation coefficients (r) are given in Table 4. 
The correlation coefficient was calculated be- 
tween the net per cent transmission and the num- 
ber of times 10-carriers were soaked in each cul- 
ture. Results indicate that all the sample points 
are reasonably close to each individual regression 
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Table 3. Summary of acceptable and unacceptable 
ranges of net transmission values of AOAC broth 
cultures evaluated by the turbidimetric method 


Range of Net Transmission Values 


Resistance Level Against Phenol 
Dilution® 


Culture ABC 


S. choleraesuis 

>20 

12-20 

<7 0 

S. aureus 

>45 

20-45 

<11.0 

Ps. aeruginosa 

>50 

25-50 

<9.0 


® The required resistances to phenol of the 3 cultures 
are specified in Table 2, footnote b. A, stronger than re- 
quired resistance, B, required resistance level; C f 
weaker than required resistance. 



FIG. l~Regression of the net per cent transmission 
following 10-carrier-soakings of $. c holeraesuis, S. 
aureus, and Ps. aeruginosa. 


line (0.62-0.64). The acceptable net transmission 
values used significantly affected the phenol re- 
sistance data. However, this effect was mostly on 
the intercepts rather than on the slope of the 
response line and, if the diluting factor caused by 
carrier soaking is constant, the slope of the 
regression line should always be the same for a 
given culture. Therefore, it is practical to use the 
same slope of a regression line at various inter- 
cepts for predicting the acceptability of a broth 
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Table 4. Slope (b), Intercepts (a, and a 2 ), and correla- 
tion coefficient (r) of determination of linear regression, 
y = a 4- bX, predicting the resistance response of the 
culture at the number of carrier-soakings 


Culture 

a\ 

32 

b 

r 

S choleraesuis 

15.0 

9 0 

-2 73 

0.62 

$ aureus 

25 0 

13 0 

-2.79 

0 64 

Ps. aeruginosa 

35 0 

11.0 

-2.69 

0 64 


« aif acceptable ranges; a 2 , unacceptable ranges 


culture before soaking the 10-carners. The regres- 
sion slopes of Y on X were —2.73, —2.79, and 
-2.69 for S. choleraesuis , S. aureus , and Ps. 
aeruginosa , respectively. The regression equa- 
tions, Y = a - 2.73 X , Y = a - 2.79 X, and 
Y = a - 2.69 X are shown in Fig. 1. In instances 
where the culture exhibits a net transmission 
range which is marginal, it is very likely that the 
culture will fall below the acceptable level during 
the first 10-carrier-soaking. This prediction is con- 
firmed by calculations as shown in Fig. 1. 

In conclusion, the turbidimetric measurement 
method is simple and fairly accurate to determine 
the degree of uniformity of the cultures at the 
required resistance levels against phenol. The 
results of this study also suggest that this method 
may be used as a practical means in selecting test 
cultures of uniform quality for disinfectant test- 
ing. The possibly interfering turbidity of the 
broth medium is not an evident factor to be con- 
sidered a limitation of the method. 
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Editor’s Comments on Papers 25, 26, and 27 


25 Spaulding: Chemical Disinfection and Antisepsis in the Hospital 

26 Ayliffe, Collins, and Lowbury: Cleaning and Disinfection of Hospital Floors 

27 Lowbury, Lilly, and Bull: Methods for Disinfection of Hands and Operation Sites 


The use of antimicrobial agents in controlling microorganisms is of extreme 
importance in the hospital. The authors in this section have had vast experience 
in this area. It should be pointed out that although this text is entitled “Chemical 
Sterilization,” this condition is virtually impossible to achieve where human beings 
or animals are concerned unless they have been reared in a germ-free environment. 
Lowbury, Lilly, and Bull show that a high degree of destruction of microorganisms 
on the skin (99. 1 percent) has been achieved using an organic iodine antiseptic solution. 

Spaulding has long been active in the control of microorganisms in the hospital, 
and he and his group at Temple University Medical School have advocated the use 
of various antimicrobial agents for the elimination of microbes. His paper deals with 
a number of these agents. 
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CHEMICAL DISINFECTION AND 
ANTISEPSIS IN THE HOSPITAL 

Earle H. Spaulding, Ph.D. 


Introduction 


I N THE LITERAL SENSE, “disinfection” should mean that the risk of infection has 
been completely eliminated. Instead, this meaning is reserved for the word 
sterilization, which is the total destruction of all microbial forms, a sterilization 
procedure is one which guarantees this absolute end point (sterility). 

Thus, disinfection is something less than sterilization, and the crucial deficiency in a 
disinfection procedure is that it cannot be relied upon to produce sterility. Whether or 
not it actually does this in a particular situation will depend upon a number of factors, 
e.g., the nature of the contaminating microorganisms and especially the presence of 
highly resistant bacterial spores, the length of time of application, the number of 
microorganisms in the contamination, amount of organic “soil” present and the 
temperature. All of these factors influence the rapidity and level of antimicrobial 
action. Thus, disinfection is a procedure which does reduce the risk of infection but 
with a range of end results extending from actual sterility to a minimal reduction. It 
should be apparent by now that the distinction between sterilization and disinfection is 
an important concept. 

That distinction is also of practical significance. A disinfection procedure may 
destroy all forms of microbial contamination (produce sterility) under certain 
circumstances, e.g., when only a few nonsporulating microorganisms are present. 
Likewise, a very strong chemical disinfectant can actually kill spores if it is used long 
enough. However, the time required in both instances may be much longer than is the 
case with any sterilization procedure such as the autoclave. Thus, for practical purposes 
disinfection and sterilization represent two distinctly different levels of microbicidal 
action. 

Both sterilization and disinfection, as just defined, are carried out with physical 
agents, such as heat and irradiation, and with chemicals m either liquid or gaseous 
form. Heat or ionizing irradiation can sterilize in a matter of minutes or even seconds; 
whereas chemical methods are slower. Moist heat at 121 C, for example, sterilizes 
within 10 minutes the same spore-contaminated object which withstands exposure to a 
strong chemical solution or gas for two hours or longer. The end results may be the 
same, but the comparatively long time required for chemical sterilization is an 
unfortunate practical disadvantage. 

The distinctions of disinfection and sterilization apply equally well to both physical 
and chemical procedures. Some heating methods do not guarantee sterility, e.g., 
immersion of an instrument in boiling water, which is therefore an example of physical 
disinfection. Immersion in most germicidal solutions is even less likely to result in 
sterility since their sporicidal capabilities are less than that of boiling water. 

Nevertheless, disinfection procedures are of great practical importance in the 
hospital for they can destroy most — and often all — of the microorganisms 
contaminating those surfaces and objects which contribute to the spread of nosocomial 
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infections. One of the major achievements of 
man has been his’ gradual control of those 
microorganisms in his environment which in the 
past devastated whole populations and made 
admissions to hospitals almost literally death 
sentences. And the tool for this greatly 
improved state has been disinfection, physical 
and chemical. Physical agents, of course, play 
the principal role, but chemicals have also 
contributed significantly to this control — and 
still do. 

This review deals with chemical, and not 
with physical, disinfection. Therefore, from 
now on the terms “disinfection” and “steriliza- 
tion” apply only to chemical agents. 

Chemical disinfection is generally practiced 
with solutions, but gases are also used. The 
latter application is referred to m the vernacular 
as “gas sterilization,” just as disinfection with 
chemical solutions becomes in common 
parlance “chemical sterilization,” Neither term 
is appropriate unless the application of the 
chemical solution or gas guarantees sterility 
when a substantial number (approximately 1 x 
10 3 ) of bacterial spores are present. For 
example, the implication that glutaraldehyde, 
formaldehyde or ethylene oxide (EtO) always 
sterilize, no matter how they are used, is 
misleading, for these sterilizing chemicals are 
frequently employed in such a way as to fall 
short of the level needed to guarantee sterility. 
It would be highly desirable to state when 
describing such procedures the nature of the 
chemical agent, the precise method used, as 
well as contact time. For example, exposure to 
Pennoxide u (ethylene oxide) in a Cryotherm 
apparatus for 3 hours at 130°F leaves no doubt. 
When less potent procedures are employed, 
sterilization depends even more upon other 
factors, primarily the types and numbers of 
contaminating microorganisms and the time of 
contact or exposure. The point I am emphasiz- 
ing is that the chemical is only the tool. What 
result is achieved with it depends first, upon the 
strength of the chemical; second, upon the way 
it is used; third, upon several other factors 
already mentioned, such as nature of the 
contamination, contact time, temperature, and 
so on. It is like a hammer (the tool) Whether or 
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not the hammer will crack a nut depends first, 
upon the weight of the hammer; second, upon 
how hard you hit the nut, if at all (the 
procedure); and, third, upon how tough the 
shell is and how many times you try to hit it. 
Let me illustrate again by returning to a 
physical procedure already referred to, l e , 
immersion m boiling water which does not 
guarantee sterility. Yet the application of moist 
heat at 121°C (autoclave) does guarantee 
sterility. Moist heat was the tool in both 
instances, but the first procedure is only 
disinfection, whereas the second constitutes 
sterilization because it involves a more intense 
application of heat. Similarly, some EtO 
procedures are appropriately termed steriliza- 
tion, others should be — but are not always — 
called disinfection. 

In the absence of bacterial spores, some 
chemical disinfection procedures are capable of 
producing sterility and probably do so fre- 
quently; but there are others which only 
destroy the less resistant of the nonsporuiating 
bacteria How much these different levels of 
procedures can accomplish in reducing the risk 
of infection in the hospital is an important 
matter which is included in the ensuing discus- 
sion. It can be seen at this point that chemicals 
can be used in such a way as to produce three 
levels of disinfection; sporicidal, cidal for all 
nonsporuiating types, cidal for some non- 
sporuiating types. 

This seems to be a good time to call the 
reader’s attention to two excellent texts on the 
general subject of disinfection, the first edited 
by Lawrence and Block 1 , the second written by 
Sykes 2 . 

Some readers may want to consult other 
discussions of hospital disinfection by the 
writer. For example, a comparison of the 
content of the present review with a 1965 
discussion of the same subject 3 reveals the 
amount of progress which has been made in the 
past 7 years. Also, there is a chapter in 
reference 1 dealing in more detail with instru- 
ment-equipment disinfection. Quite a different 
approach was taken in a recent paper on the 
role of chemical disinfection m the control of 
nosocomial infections^. 
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NATURE OF THE PROBLEM 


Hospital disinfection consists of two major 
types of application. The first is upon 
inanimate materials such as floors, furniture, 
equipment and instruments. In order to avoid 
confusion, chemicals used in this way should be 
referred to as disinfectants , whether they be in 
the form of a liquid, gas or aerosol mist. The 
second application is to body surfaces, a 
practice called antisepsis , and chemicals used in 
this way are antiseptics Antisepsis therefore is 
a special application of disinfection in which 
mild and comparatively weak chemicals are 
applied to skin or mucous membranes The 
distinction between application to inanimate 
objects vs. application to tissues is an important 
one because these two procedures in general 
require different kinds and concentrations of 
chemicals An exception, incidentally, is 
alcohol, which in the same concentration is 
useful both as a disinfectant and antiseptic. 
Germicide is a broader term including both 
disinfectants and antiseptics. 


Disinfection of inanimate objects in the 
hospital may be conveniently subdivided into 
instrument-equipment disinfection and house- 
keeping disinfection. Furthermore, instrument- 
equipment disinfection can be understood 
better and practiced more effectively if it is, in 
turn, divided into three categories based upon 
the risk of infection involved in the use of the 
disinfected materials (Table I). The first of 
these is critical items, so-called because they are 
introduced beneath the surface of the body or 
attached to other objects so used, e g., transfer 
forceps, scalpel blades, cardiac catheters, plastic 
components of the heart-lung oxygenator. 
Consequently, all contaminating micro- 
organisms must be destroyed; in other words, 
the requirement is for sterility. The risk 
involved in using disinfected endotracheal and 
aspirator tubes, thermometers, cystoscopes and 
inhalation therapy nebulizers is considerably 
less and these are classified as semi-cntical 
items. Although these objects come in contact 


TABLE I - HOSPITAL GERMICIDES FOR INANIMATE OBJECTS 
Area of Use vs. Level of Cidal Action 



BACTERIA 

FUNGI 1 2 

VIRUSES 


Vege-^ 

Tubercle 

Spores 


Lipid and 

Nonlipid 


tative 

Bacillus 


Medium Size 

and Small 

Disinfection 







Instruments & Equipment 







Critical 

+* 

+ 

+ 

+ 

+ 

+ 

Semi-critical 

+ 

+ 

+ or — 

+ 

+ 

+ 

Noncritical 

+ 

+ or - 

- 

+ 

+ 

+ or — 

Housekeeping 

+ 

+ or — 

- 

+ 

+ 

+ or — 


* + indicates that the designated level of cidal action occurs within a useful period of time 

(1) Common forms of bacterial cells, eg., staphylococcus. (2) Includes usual asexual "spores," but not necessarily 

dried chlamydospores and sexual spores. 
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with intact mucous membrane, they do not 
ordinarily penetrate body surfaces. Sterilization 
is desirable but not essential A reasonable 
objective therefore is to employ a procedure 
which can be expected to destroy viruses, 
fungal spores, the tubercle bacillus and most 
viruses. Noncritical materials consist of a wide 
variety of objects and surfaces such as face 
masks, carafes and humidifiers which do not 
ordinarily come in contact with mucous 
membranes and thus carry the least risk. 

Housekeeping disinfection pertains to 
articles of furniture, drapes, linens, walls, floor 
surfaces, etc. A satisfactory level of disinfection 
both here and for noncritical materials, is 
achieved with prompt destruction of the 
common nonsporulating bacteria. Destruction 
of the tubercle bacillus is highly desirable but 
not likely with many procedures in current use. 
These are also capable of some good virucidal 
action, but the level which can be expected or 
is needed remains unclear. 

Most antispetic procedures, because of 
restrictions imposed on them by tissue toxicity, 
are unable to accomplish more than a reduction 
(largely by physical removal, no doubt) of the 
less-resistant nonsporulating microorganisms on 
skin and mucous membranes. 

It may seem to the reader that I have 
complicated the subject unnecessarily by creat- 
ing so many categories, but these divisions 
represent significantly different sets of require- 
ments for good disinfection. Furthermore, 
failure to recognize their significance has 
contributed to the confusion which exists 
about this subject and has retarded the rate of 
improvement in this field. 

There is a great difference between the 
practice of disinfection vs. antisepsis, as well as 
the types of germicides which are appropriate. 
The cell walls of bacteria and fungi are much 
more resistant to chemical injury than. are our 
tissue cells. Therefore, only the keratinized cells 
of the skin, and to a lesser degree the epithelial 
lining of mucous membranes, can tolerate the 
irritating action of germicides. Since antiseptics 
are applied directly to skin and mucous 
membranes, the maximum concentration of a 
germicidal chemical which should be used this 
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way is limited by its toxicity for these tissues. 
Thus, there are fewer useful antiseptics than 
disinfectants (Table II). Strong disinfectants 


TABLE II - CLASSES OF CHEMICAL 
COMPOUNDS USEFUL AS 



Disinfectants 

Antiseptics 

Vegetative Bacteria 

Many 

Few 

Lipid & Medium-sized 
Viruses 

Many 

Few 

Nonlipid & Small 

Viruses 

Mod. no. 

Very few 

f ubercle Bacillus 

Few 

Very few 

Bacterial Spores 

Very few 

None 


such as ethylene oxide, formaldehyde and 
glutaraldehyde are entirely too toxic for tissue, 
and they lose their germicidal power if they are 
diluted to the point where they are nontoxic. 
The class of phenolic germicides also contains 
examples of good disinfectants which do not 
qualify as acceptable antiseptics, irrespective of 
concentration, and for the same reason. An 
exception is hexachiorophene, a bis-phenol 
compound with six chlorine atoms attached to 
the basic molecule. It is a poor disinfectant but 
enjoys wide acceptance as an antiseptic because 
it is non-irritating for skin in relatively high 
concentrations and retains its bacteriostatic 
properties in the presence of soap. (Recent 
reports indicate, however, that hexachioro- 
phene is readily absorbed through skin and with 
continued and heavy use may cause damage to 
nervous tissue.) A few germicides can be 
tolerated by our skin in bactericidal concentra- 
tions which bring about significant reductions 
in the microbial population, and it is this select 
group which constitutes the most useful 
antiseptics. 

Disinfectants, on the other hand, can be 
employed in much higher concentrations, and 
some good ones are definitely toxic for skin. 
The reason is, of course, that they are applied 
to inanimate objects and not directly to skin. 
Consequently the limiting factor for 
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determining the highest concentration of a 
chemical to be used for disinfection is damage 
to metal, wood, rubber, plastic, etc But it is 
well to note that not all bactericidal chemicals 
are useful disinfectants. For example, strong 
sulfuric acid destroys spores rapidly but is not a 
disinfectant because it is corrosive in sporicidal 
concentrations and almost devoid of antimicro- 
bial properties in noncorrosive concentrations. 

The best housekeeping disinfectants are not 
the best instrument disinfectants. The 
phenolics, for example, deserve their wide- 
spread use on floors, walls and furniture, but 
they are not good choices for instruments. 
Conversely, strong glutaraldehyde and formal- 
dehyde solutions are good instrument- 
equipment germicides but inappropriate for 
floors. And finally, some instrument-equipment 
germicides are satisfactory for semi-critical 
items but do not have sufficient sporicidal 


activity to qualify them for critical items. An 
example is 80 to 90% alcohol. 

It should be clear by now that there is no 
such thing as an “all-purpose” disinfectant, just 
as there is no “all-purpose” antibiotic. If a 
single germicidal solution is used for all the 
different applications needed for good hospital 
asepsis, it will in one or more of these 
applications fall short of the level available with 
some other disinfectant. And this point is still 
valid even though a different concentration of 
the “all-purpose” product is used for each 
application. Proper practice of chemical 
disinfection, therefore, is based on the selection 
of the best available germicide for each type of 
application and its use in the most effective 
way. To do this one must be familiar with the 
major principles of chemical disinfection and 
the properties of the available germicides 


PRINCIPLES OF CHEMICAL DISINFECTION 


The major principles of chemical 
disinfection can be stated as follows: 

1. Microorganisms differ markedly in their 
resistance to chemicals. 

2. Germicides differ widely in the level of 
cidal action they produce, and these several 
levels involve different mechanisms. 

3. There are secondary factors which in- 
fluence the results obtained when a certain type 
of microorganism is exposed to a particular 
concentration of germicide; the most important 
of these are the number of microbial cells 
present, the time of contact and the amount of 
organic “soil” present. 

How these principles govern the results 
obtainable with chemical disinfection is the 
next topic. 

Nature of the Microbial Contamination 

Because bacteria exhibit a wide range of 
resistance to chemicals, it follows that the kinds 
of microorganisms known or presumed to be 
present as contaminants must be the first 
consideration when deciding upon the level of 
disinfection needed. 


The four major classes of microorganisms are 
bacteria, viruses, fungi and animal parasites. For 
hospital disinfection, the last two classes can be 
disregarded; thus the problem is how to destroy 
bacteria and viruses. 

The nature of bacteria and viruses, with 
special reference to germicidal resistance, was 
the subject of an earlier article by the writer 5 . 
Most types of bacteria occur as a single form, 
the vegetative (growing) cell; a few species also 
produce spores. Bacterial spores are the most 
resistant form of microbial life, and their 
resistance to germicides is enormously greater 
than that of vegetative cells. The tetanus 
bacillus in its vegetative form, for example, is 
no more resistant to a disinfectant than the 
staphylococcus, but its spores can survive 
exposure to many of the commonly used 
germicides for days or weeks. Consequently, 
the statement that a certain germicide “kills 
spore-formers” is meaningless and misleading. 

Once formed within the bacterial cell, the 
spore remains dormant until the proper growth 
conditions cause it to germinate into a 
vegetative cell. Because this dormant period 
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may last for years, viable spores are dissemi- 
nated so widely in nature that we must assume 
they are present in many situations involving 
hospital disinfection. And because they can 
withstand exposures to very strong germicides 
for several hours, spores constitute the principal 
obstacle to chemical sterilization. 

In contrast, the differences among the 
various kinds of vegetative bacteria are 
relatively minor, with one exception. This is the 
tubercle bacillus which, because of its waxy 
envelope, is comparatively resistant to aqueous 
germicides, and almost completely so to 
quaternary ammonium (“quats”) compounds 
and hexachlorophene. Among the other vegeta- 
tive bacteria, staphylococci and enterococci 
(intestinal streptococci) are somewhat more 
resistant than other Gram-positives. The Gram- 
positives as a whole are slightly more resistant 
to some classes of germicides than Gram- 
negatives, whereas the Gram-negatives are more 
resistant to others In recent years, however, 
the “nonfermenting Gram-negatives” such as 
Pseudomonas have become important causes of 
nosocomial infections 6 . These are bacilli with 
comparatively high resistance to antibiotics; 
they are also somewhat more resistant to 
germicides 7 . Also prominent among these 
emerging pathogens are enteric bacilli such as 
Klebsiella, Enterobacter and Serratia species. 
Another group are the “water bacteria,” a 
collection of types widely distributed in nature 
and considered in the past as mocuous. How- 
ever, there are now many reports documenting 
these organisms as the agents responsible for 
outbreaks of hospital infection, particularly as 
contaminants of inhalation therapy 
equipment 8 . 

These differences in resistance are of 
practical significance only when marginal con- 
centrations of low-level germicide are used, for 
they disappear upon application of a stronger 
preparation An important improvement in 
hospital disinfection could be made today by 
the widespread use of concentrations of pro- 
prietary disinfectants (not antiseptics) twice as 
strong as those currently recommended by their 
manufacturers. Incidentally, antibiotic-resistant 
“hospital” strains of staphylococci are no more 
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resistant to germicides than any other 
staphylococcus. 

Viruses also differ in germicidal resistance, 
and these differences may be important. 
Furthermore, the number of human pathogenic 
viruses is at least as large as the number of 
pathogenic bacteria and, because they are 
frequently present on and in our bodies, we 
must assume that pathogenic viruses are 
regularly present in the air and surfaces of the 
hospital environment. 

A major concern with respect to viral 
resistance has to do with the human hepatitis 
viruses. Because man is the only susceptible 
species and infection is often life-threatening it 
has not been possible to carry out the tests 
needed to determine germicidal resistance. 
Until this can be done, the correct statement to 
make about their levels of resistance to 
chemicals is that we do not yet know the 
answer Because, like other viruses, they appear 
to consist of nucleic acid wrapped in a protein 
coat, one assumes that their resistance to 
germicides cannot possibly be of the order of 
that of bacterial spores On the other hand, the 
serious nature of viral hepatitis dictates the 
necessity of using a sterilization procedure 
whenever the presence of these viruses is a 
possibility. 

There are also differences in resistance to 
antimicrobial chemicals among the other 
viruses. One of these appears to depend upon 
the presence or absence of lipid. Klein and 
Deforest^ noted that the presence of lipid in 
the protein coat makes viruses so constituted 
(lipid viruses) susceptible to germicidal 
solutions which fail to inactivate lipid-free 
viruses Among the more resistant, lipid-free 
picornaviruses is the important enterovirus 
group containing the poliomyelitis, Coxsackie 
and Echo viruses, many of which are recognized 
human pathogens Also comparatively resistant 
are the rhmoviruses of the common cold. 
Therefore, we now recognize the existence of 
two distinct classes of viruses with respect to 
resistance to chemicals (Tables I and II). 

A consideration of microbial resistance to 
germicides leads to the realization that all 
microorganisms fall into three fairly distinct 
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groups. Most vegetative bacteria and fungi, as 
well as most viruses (designated here as 
medium-sized and lipid), appear to be com- 
paratively susceptible to the usual applications 
of germicides. Turbercle bacilli and some - 
perhaps all — of the small nonlipid viruses, e.g., 
the picornaviruses, are significantly more re- 
sistant. Finally, there are bacterial spores which 
may be tremendously resistant. 

Levels of Germicidal Action 

Chemical disinfection in general differs from 
sterilization by its lack of sporicidal power. The 
germicides which do have this capability are 
few, indeed, and constitute that select class 
known as sporicides. Those which are not 
sporicidal exhibit significantly different levels 
of antimicrobial activity. Some kill within a few 
minutes not only the ordinary vegetative forms 
of bacteria (i.e., staphylococcus), fungi and 
lipid-containing viruses, but also the tubercle 
bacillus and nonlipid viruses. These germicides 
are intermediate between sporicides and the 
nonsporicidal ones whose effective cidal range 
is limited to the less resistant vegetative bacteria 
and lipid-containing viruses. 

Thus, these three levels of germicidal action 
must be recognized if hospital disinfection is to 


be carried out properly. The adjectives used to 
designate them are, respectively* (1) high-level; 
(2) intermediate-level; (3) low-level (Table 
III). A tacit but important part of these 
definitions (and of sterilization, too) is that the 
cidal effect must occur within a practicable 
period of time. What is practicable in any given 
situation is a decision for the operator to make. 

High-level Disinfection . Because certain 
critical items are thermolabile and must be 
disinfected by chemicals, a question of great 
practical importance is whether high-level 
germicides can be depended upon to sterilize 
medical and surgical materials. In the absence 
of spores they certainly can, and do so 
promptly. But one must assume that spores are 
present m some in-use situations, although the 
number will probably be small 10 . The spori- 
cidal capacity of these agents, therefore, is a 
crucial property 

Three high-level germicides are 3 to 8% 
formaldehyde (7.5 to 20% formalin) in aqueous 
or alcoholic solution, 2% alkahnized aqueous 
glu tar aldehyde, and gaseous ethylene oxide. 
Although all of these can kill large numbers of 
resistant spores under severe test conditions, 
they may require from 10 to 24 hours to do 
so 11,12. Q n ^ Qtfogj. h an( J j sterilization may 


TABLE III - LEVELS OF DISINFECTANT ACTION 



! BACTERIA 

FUNGI 2 

VIRUSES 

Vege- 1 

tative 

Tubercle 

Bacillus 

Spores 

Lipid and 
Medium Size 

Nonlipid 
and Small 

HIGH 

+* 

+ 

+ 

+ 

+ 

+ 

INTERMEDIATE 

+ 

+ 

- 

+ 

+ 

+ 

LOW 

+ 

- 

- 

+ 

+ 

— 


* + indicates that a cidal effect can be expected when use-concentrations of available disinfectants are properly 
employed. (1) Common forms of bacterial cells, e.g., staphylococcus (2) Includes usual asexual “spores/* but not 
necessarily dried chlamydospores and sexual spores. 
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occur in 2 hours or less if only a small number 
of spores are present (Table IV). In summary it 

TABLE IV 

EFFECT OF NUMBERS 
ON SPORICIDAL TIME 

8 subti/is Spores, Germicide 8% HCHO isopropanol + 0 5% G11 


Spore Count 
(per blade) 


RESULTS 

Test Procedure 

Positive 

Negative 

100,000 

Dried Blood Blade 

2 hrs 

3 hrs 

1,000 


1 hr 

2 hrs 

10 

" 


30 mm 


can be said that these agents can be relied upon 
to produce sterility if they are used properly 
and the exposure is long enough 

Another interesting question is whether or 
not high-level germicides (sporicides) should be 
designated as sterilizing agents To illustrate, 
ethylene oxide (EtO) has been widely accepted, 
and has received official recognition, as a 
sterilizing agent. But in reality its sterilizing 
capacity varies widely with the procedure used. 
The commercial processes of reliable manu- 
facturers ensure sterilization by incorporation 
of prehumidification, heat, evacuation of the 
chamber, and by the use of high concentrations 
of the gas and operating cycles of 16 to 20 
hours. However, the EtO “sterilization” 
methods being carried out in hospitals and 
medical offices are quite a different matter. In 
our experiments with a large autoclave-type of 
EtO apparatus, exposures as long as 12 hours 
are required for consistent sterilization of test 
objects heavily contaminated with dry 
Clostridium sporogenes spores (unless they are 
presoaked in water). Indeed, this apparatus was 
less rapidly cidal for these spores than the 
strong formaldehyde and glutaraldehyde 
solutions mentioned earlier, the latter being 
intermediate between the two types of EtO 
apparatus. How many of these high-level 
germicides should be classified as sterilizing 
agents is a moot question, particularly in view 
of the fact that they take so much longer than 
the autoclave There are as yet no universally 
accepted criteria for deciding whether a 
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microbiocidai process (chemical or physical) 
should be called sterilizing rather than disin- 
fecting. 

Stuart, Ortenzio and collaborators in the 
Pesticides Regulation Division of the U.S 
Department of Agriculture (recently moved to 
the Environmental Protection Agency) de- 
veloped the A.O A.C. Sponcidal Test some 
years ago 11 which has attained in the U.S. the 
status of an official test. It is a severe one 
When the test organism is Cl. sporogenes , 
contaminated porcelain cylinders and suture 
loop carriers may show spore counts in the 
range of 10 6 to 10 7 . This large number of 
spores is so much greater than that found on 
materials 10 that the results are unrealistic with 
respect to practical situations m the hospital 
Because of its seventy, the A O.A.C. Sporicidal 
Test can serve as a reliable criterion for 
chemical sterilization . The time required for a 
germicidal solution or gas to pass this test 
becomes its sterilization time. The A.O A.C. 
Test calls for two test organisms, Cl sporogenes 
and Bacillus subtilis on two types of carriers. 
When there are differences in the end points, 
the longest time period producing at least 59 
negatives from 60 replicates becomes the 
sterilization time for that disinfectant. 

Before leaving this topic it seems worthwhile 
to put into proper perspective the long 
exposure periods needed for chemical steriliza- 
tion. When the dried Cl. sporogenes - 
contaminated porcelain cylinders used as test 
carriers in the A O.A.C. Sporicidal Test are 
autoclaved at 121°C, they are sterilized within 
10 minutes, immersion in boiling water requires 
2 to 3 hours; a good EtO procedure (without 
presoak) takes from 1 to 12 hours or longer 
depending upon the procedure and the dryness 
of the spore High-level germicidal solutions 
require from 3 to 24 hours. 

Intermediate-level Disinfection. The tubercle 
bacillus is significantly more resistant to other 
vegetative bacteria than aqueous germicides In 
some instances, a tubcrculocidal effect can be 
obtained by using a greater concentration than 
the one commonly employed (e.g., iodophors); 
whereas this is for all practical purposes beyond 
the capability of aqueous “quats” at any 
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concentration. Although the risk of trans- 
mitting tuberculosis with medical and surgical 
materials is much less than formerly, it is still a 
primary consideration in some situations. 

Viruses also differ in their resistance to 
chemicals In the test system used by Klein and 
Deforest 9 a number of commonly employed 
liquid germicides did not destroy the important 
picornaviruses which contain the enterovirus 
group (polio, Echo and Coxsackie) and the 
rhinoviruses of the common cold. Not all 
germicides with good tuberculocidal activity 
destroy the small nonlipid viruses used by Klein 
and Deforest According to their findings 
isopropanol is an example of a good tuber- 
culocide which lacks this virucidal power, and 
there may be some germicides with the reverse 
properties. On the other hand, 70 to 95% 
ethanol is rapidly tuberculocidal (Table VIII 
page 22) and picornavirucidal 9 . Additional 
studies are needed to determine which of the 
presently available germicides fulfill both of 
these criteria of intermediate-level disinfection. 

Low-level Disinfection. Some of the 
germicides in common use today not only lack 
sporicidal power, but also fail to destroy 
quickly either the tubercle bacillus or the small 
nonlipid viruses. These low-level germicides are 
nonetheless useful in practice because they can 
rapidly kill the vegetative forms of bacteria and 
fungi, as well as the medium-sized and 
lipid-containmg viruses. 

In some instances the level of cidal activity 
can be raised from low to intermediate simply 
by increasing the concentration as, for example, 
from 75 to 450 ppm with iodophors. But all 
germicidal chemicals do not have this capacity, 
for a concentration of a quaternary ammonium 
compound as high as 10% fails to meet either 
the tuberculocidal or virucidal criterion for 
intermediate-level disinfection. In recent years 
an increase in the use-concentration of “quats” 
from the 1:1000 to 1:750 has been widely 
adopted so as, among other reasons, to obtain 
better cidal activity for the comparatively 
resistant Pseudomonas organisms. This was a 
step in the right direction, but it still does not 
produce second-level disinfection. 


How Germicides Kill Microorganisms 

A good germicide must be rapidly lethal for 
microorganisms at its use-concentration. Some 
strong disinfectants do this the same way heat 
does, by coagulating the protein of microbial 
cells, which is the same process as the clotting 
of casein in milk or the hardening of egg white. 
The change is irreversible Thus, formalin (a 
solution of formaldehyde in water) in high 
concentrations (8%, for example) kills most 
vegetative bacteria on contact by coagulating its 
proteins But it also kills tissue cells the same 
way. Indeed, all germicides are protoplasmic 
poisons, which means that they are toxic for 
the protoplasm (and outer membranes) of all 
cells, mammalian as well as microbial. In fact, 
tissue cells are destroyed sooner than the 
bacterial cells when exposed to the same 
germicide because they lack the protection 
provided by the thick and rigid cell walls of 
bacteria. Consequently, the application of a 
germicidal solution to delicate tissues is almost 
certain to do more harm than good 

More often, however, the germicidal effect is 
not due to actual coagulation but to a less 
obvious denaturation of protein. Some of the 
proteins of microbial cells are enzymes and 
subject to denaturation by heat or chemicals. 
Although this process may be slower than gross 
coagulation, this type of denaturation can also 
kill the microbial cell if essential enzymes or 
vital structures are rendered nonfunctional. 

There are other bactericidal mechanisms and 
a single disinfectant may act through several of 
them. Phenolic and quaternary ammonium 
compounds in high concentrations, for 
example, cause rapid lysis of the bacterial cell, 
whereas leakage of cell constituents without 
lysis and denaturation of enzymes are the 
principal modes of cidal action when the 
concentration is decreased. Obviously, the last- 
named group of mechanisms is slower than the 
first one, and so the killing time (time required 
for total killing of a test microbial population 
in a given situation) is directly correlated with 
germicidal concentration. 

Still another germicidal mechanism is 
represented by some of the antiseptics. The 
maximum concentrations which can be 
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tolerated on skin and mucous membrane are 
still relatively weak and bring about their cidal 
effects in subtle ways, such as irreversible 
oxidation of essential enzymes (iodine), binding 
of enzymes (mercurials) or by some unknown 
mechanism (hexachlorophene). Discernible 
germicidal effects take place slowly , and in the 
case of mercurials can be reversed if a neutral- 
izing chemical is added before the micro- 
organisms have been irreversibly damaged. 

The mechanisms just described pertain to 
vegetative bacterial cells. Sporicidal action is 
not well understood, but it is apparent that the 
thick wall and low water content of spores are 
important. The mechanism of virucidal action is 
probably based on denaturation and coagula- 
tion of protein, but there may be more to it 
than that 9 


which must be destroyed grows larger, there is a 
corresponding increase m the number of 
resistant cells and therefore in the overall 
resistance level of that bacterial population. 
This principle is illustrated in Table IV. 

The important relationship between 
population size and killing time is shown 
graphically in Fig. 1 It shows the results 
obtained when a rapidly cidal concentration of 
disinfectant was added to an aqueous suspen- 
sion of staphylococci. It can be seen that 
approximately 90% of the initial population 
was killed during the first mmute of exposure 
since only 10% of the bacteria present 
originally were able to grow out when sub- 
cultured after one minute. A similar situation 
exists at 2 minutes vs, one minute, and so on. 
Looked at in a different way, the data show 



Fig. 1: Influence of the numbers of bacterial cells present when a rapidly cidal concentration of 
disinfectant was added to a suspension of staphylococci. 


Influence of Numbers 

The larger the number of bacteria contami- 
nating skin or inanimate objects, the longer it 
takes for a germicide to destroy them all The 
reason is that all the bacterial populations arc 
heterogeneous, even when they consist entirely 
of a single type of microorganism. This means 
that individual cells will differ in any one of a 
number of properties, including resistance to 
germicides. Thus, as the number of bacteria 

16 


that one half of the entire exposure time was 
needed to destroy one ceil in 10,000 in curve A 
(100 vs 1,000,000), or one cell in 100 in curve 
B (10 vs 1000). The principle this illustrates is 
that a disproportionate amount of the killing 
time in chemical disinfection is required to 
destroy a very small (resistant) portion of any 
bacterial population. 

Upon studying the sporicidal results in Table 
IV one may ask the question: How long must 
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this germicidal solution be used in actual 
practice in order to be sure sterility is achieved 7 
It is a good question, and the answer must be 
based on a judgment decision revolving around 
another question: What is a reasonable number 
of spores to include in such a test which make 
the results relevant to m-use situations 7 The 
fact that large numbers of spores are seldom 
present in actual practice, including surgical 
instruments used in intestinal surgery 3 , suggests 
that a number much smaller than the 10 6 to 
10 7 used m the official A.O A.C. Sporicidal 
Test 1 1 provides an adequate margin of safety. 

I discuss the importance of numbers at some 
length because there seems to be so little 
awareness of it and especially of its influence 
on killing times. Also this factor has an 
important application to instrument disinfec- 
tion, and this is the necessity for good physical 
cleansing prior to disinfection. By reducing the 
number of microorganisms which remain to be 
destroyed by the chemical, one correspondingly 
shortens the time required to bring about 
complete destruction (killing time). This 
principle applies equally well to all types of 
chemical disinfection including housekeeping 
and antisepsis, and to physical agents as well. 


Influence of "Soil" 

Organic dirt such as blood, plasma, feces and 
tissue absorbs germicidal molecules and in- 
activates them, leaving only the excess free 
chemical to act upon microbial cells. This is, of 
course, a second — and the major — reason for 
thorough cleansing of instruments, etc. prior to 
application of chemical disinfection. 

Strong concentrations of some germicides 
usually retain an effective level of activity m 
the presence of heavy organic soil, e g., 
phenolic disinfectants. Iodophors (iodine- 
detergent complexes), on the other hand, are 
much more subject to inactivation by organic 
soil, and so are the “quats” and chlorine 
compounds. The adverse effect of organic soil 
is, of course, much greater with low-level 
germicides than with high-level ones, partic- 
ularly in marginal concentrations. 


Influence of Germicide Concentration 

The killing time can be shortened by 
increasing the concentration of germicide 13 , 
and this is illustrated in Table V where the 

TABLE V - ETHYL ALCOHOL: 
CONCENTRATION VS. Cl DAL ACTION* 


Free Suspension — Room Temperature 



STAPHYLOCOCCUS 

PSEUDOMONAS 

%/Vol. 

Pos. 

Meg. 

Pos. 

Neg. 

100 

40 sec. 

50 sec 

- 

10 sec. 

95-60 

- 

10 sec. 

- 

10 sec. 

50 

10 sec. 

20 sec. 

- 

10 sec 

40 

45 sec. 

60 sec. 

- 

10 sec. 

30 

45 mm. 

60 min. 

- 

10 sec. 

20 

2 hrs. 

3 hrs. 

25 mm. 

30 min. 


* Adapted from a paper by Morton (see ref. 13) 

number of bacteria and other test conditions 
remain the same, the only variable being the 
alcohol concentration. As this increases, 
additional cidal mechanisms come into play and 
those already operating become more intense. 
It is apparent from this table that alcohol is an 
active germicide only in relatively high concen- 
trations. Other germicides which also show 
sharp drops in activity upon dilution are 
formaldehyde, glutaraldehyde and ethylene 
oxide 1 . 

The point has already been made, but it is 
worth repeating, that some low-level germicides 
become intermediate and even high-level ones if 
the use-concentration can be increased 
sufficiently. Thus, aqueous iodophors and 
certain aqueous phenolics are tuberculocides of 
practical value at 450 ppm and 3% respectively, 
whereas they lack this capacity at 75 ppm and 
1%. And further increase in concentration may 
result in some sporicidal action. More 
importantly, vegetative bacteria — and probably 
viruses as well - can be destroyed more rapidly 
by a modest increase in the concentration of 
some germicides. Bactericidal tests in the 
writer’s laboratory showed that this is true for 
‘‘quats,” iodophors and phenolics. To 
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paraphrase a suggestion nude earlier, the 
rapidity of disinfection can be signiticantU 
increased by doubling the concentiation ot 
active ingredients in most proprietary. disin- 
fectants. 

Keeping in mind the various disintection 
requirements in the hospital and what the three 
levels of disinfection arc. we are iead\ to 
examine the disinfectants and antiseptics which 
are available, and to see if there are usetul 
criteria for deciding which to use when one is 
faced with a disinfection pioblem. Hundreds of 

EVALUATION 

Problems 

The first problem is commercialism. \\ e, the 
users are faced with a plethora of proprietary 
solutions, hundreds ot which are insignificant 
modifications — if. indeed, they are modifica- 
tions at all - of well-known products. Many of 
them are promoted rigorously and backed by 
exaggerated claims. As early as 1959. there 
were registered with the United States Depart- 
ment of Agriculture about 450 products 
specifically recommended for hospital applica- 
tion 14 Several hundred more have been added 
since then. Fortunately, this federal agency is 
doing much to curb the sale of poor germicides 
by establishing performance standards which 
must be met if the product enters interstate 
commerce. These “official” A.O.A.C. tests 1 
provide a practical means for eliminating 
products which do not fulfill the claims made 
for them. 

The second problem is how to evaluate 
germicides. This is a complex technical subject 
which is not appropriate for detailed discussion 
here. However, a few general comments may be 
helpful 

Testing Methods 

These consist of laboratory tests and in-use 
tests. I will dismiss the former with the remark 
that the emphasis in most “official” tests is on 
minimum standards. An exception is the 
A.O.A.C, Sporicidal Test, which has already 


piopriet.iry germicides are available in this 
count! >. Consequently they need to be 
at i.mgcd m an orderly fashion, and this can be 
done on the basis of chemical similarities. When 
we do this we discover that they fall rather 
neatly into three categories according to the 
thtee levels of germicidal action described 
eai liet 

Classification of germicides on the basis of 
then killing power involves evaluation, and it 
may be helpful to see how this is done before 
we look at the germicides themselves. 

OF GERMICIDES 

been discussed with regard to this point. There 
is now need for the development and wider use 
of good in-use tests which evaluate germicides 
for a specific application by testing them under 
actual or simulated conditions of use. 

In-use tests with critical and semicntical 
articles involve nurses and Central Service 
personnel who assist the bacteriologist in 
determining whether the results of laboratory 
tests hold up in actual practice. With floor 
decontamination this means a series of 
cleaning-disinfection tests which, if properly 
designed and carried out, will answer the 
question: How can we get the most efficient 
decontamination? Good examples of in-use 
testing of operating rooms and of the floors in 
hospital wards are those of Kundsm and 
Walter 15 , Adams and Fahlman 16 and Vesley et 
a/. 17 . Edmondson and Sanford suggested an 
in-use method for inhalation equipment in 
1966 1 ®, and the same group later did a study 
under controlled conditions of use 1 ^. 

The evaluation of antiseptics must be done 
by m-use testing because a m vitro” laboratory 
tests mean very little. The most comprehensive 
and reproducible method for doing this is the 
serial basin procedure of Price 2 ^’ 21 which, 
unfortunately, is tedious, inconvenient and 
time-consuming. Consequently, short-cut 
methods are generally employed. The three 
most widely used at the present time have been 
discussed by Dineen 22 . 
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CLASSES OF GERMICIDES 


Liquids vs. Gases 

Most germicides are used as aqueous 
solutions. The water brings the chemical in 
contact with the microorganisms and 
constitutes the “water of reaction” without 
which the disinfection process practically stops. 
A few germicidal chemicals have vapor 
pressures low enough to be gases at room 
temperature, and these compounds can be used 
as gaseous disinfectants or sterilizing agents. 


Table| VI (this page) and VII (on next 
page) contain summary evaluations and some 
pertinent properties of the major classes of 
germicides. These notations are based upon my 
own experience, published laboratory data and 
in-use reports. Some of the evaluations and 
properties, which had to be limited to one or 
two words in the tables, need clarification and 
discussion. The liquid germicides will be 
considered first. 


TABLE VI 

ACTIVITY LEVELS OF 
SELECTED CLASSES GERMICIDES 



Class 

Use-Concentrations 

Activity Level 

GAS 





Ethylene oxide 

450to800mgm/L (1) 

High 

LIQUID 





Glutaraldehyde, aq. 

2% 

High 


Formaldehyde + 

alcohol 

8% + 70% 

High 


Formaldehyde, aq. 

3 to 8% 

High to Intermediate 


Iodine + alcohol 

0.5% + 70% 

Intermediate 


Alcohols 

70 to 90% 

Intermediate 


Chlorine cpds. 

500 to 5000 ppm. (2) 

Intermediate 


Phenolic cpds. 

1 to 3% (3) 

Intermediate 


Iodine, aq. 

1% 

Intermediate 


lodophors 

75 to 150 ppm.^ 

Intermediate to Low 


Quaternary ammon. 

cpds. 

1:750 to 1:500 

Low 


Hexachlorophene 

1% 

Low 


Mercurial cpds. 

1:1000 to 1500 

Low 


(1) In autoclave-type equipment at 55 to 60°C. 

(2) Available chlorine. 


(3) Dilution of concentrate containing 5% to 10% phenolics 

(4) Available iodine 
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LIQUID GERMICIDES 


Mercurials 

Relatively high concentrations are required 
to achieve significant cidal activity. For this and 
other reasons the mercurials have no place in 
modern disinfection. Their value as antiseptics 
is also limited. 

Phenolic Compounds 

Phenol or carbolic acid is the oldest of the 
major classes of germicides. Although the 
parent chemical is no longer used, hundreds of 
compounds related to it have been synthesized 
and proposed as disinfectants. These constitute 
the class of substituted phenohcs (often 
referred to simply as the phenolics). This class 
is the most popular one for housekeeping 
disinfection, and properly so. Not only are the 
phenolics good bactericides, but they also have 
the desirable property of stability, meaning that 
they remain active after mild heating and 
prolonged drying. Thus, subsequent application 
of moisture to a dry surface previously treated 
with a phenolic can redissolve the chemical so 
that it again becomes bactericidal. In addition, 
concentrations of the order of 2 to 3% remain 
quite active when in contact with organic soil; 
for this reason phenolics are also the disin- 
fectants of choice for dealing with fecal 
contamination. 

On the other hand, unpleasant odor and 
tissue irritation preclude their useful applica- 
tion on the skin. Indeed, the continued use of 
phenolics on objects which may come in close 
and prolonged contact with skin and mucous 
membranes, e.g., anesthesia equipment, has 
come under close scrutiny because of reported 
depigmentation of skin 23 . 

Quaternary Ammonium Compounds 

Synthetic chemists have created hundreds of 
synthetic chemicals with good cleaning 
properties, some of them being widely used 
household products. One group, known as the 
cationic detergents, contains quaternary 
ammonium compounds which have definite 
germicidal activity. Zephiran® is the prototype. 

The “quats” have enjoyed wide usage both 


as disinfectants and antiseptics They have the 
important property of being bland and are 
therefore popular. On the other hand, they 
have serious limitations For example, they are 
selectively absorbed by fabrics so that a 1.1000 
solution may become a 1-1500 or 1:2000 if 
gauze is immersed in such a solution 24,25 . This 
situation has apparently resulted in severe, and 
even fatal, infections 26 . Hospital infections 
from other uses — or misuses — of “quats’ were 
reported and reviewed by Lee and Fialkow 2 ^. 
Even the use of hard water for dilution reduces 
the active concentration of Zephiran® 2 ^. In 
general recognition of the fact that the 
traditional 1:1000 concentration was not 
enough, it has become common practice in 
recent years to use 1:750; and in the writer’s 
opinion it should be further increased to 1:500. 
The “quats” are devoid of tuberculocidal 
activity 29 . 

Their value as antiseptics is limited by the 
fact that, being cationic compounds, they are 
neutralized by anionic chemicals such as soap. 
Nevertheless, their blandness for tissue is a 
favorable property, and it makes them par- 
ticularly attractive for vaginal “preps” and 
other mucous membrane applications. 

Chlorine Compounds 

Inorganic chlorine is valuable for disinfec- 
tion of water but it has limited use in hospital 
disinfection. Yet hypochlorite solutions are still 
among the best and most convenient germicides 
for spot disinfection of floors. In the concen- 
tration generally employed for this purpose 
(5000 ppm) they are also tuberculocidal. 

They have very little use as antiseptics. 

Iodine and lodophors 

Iodine is a good bactericide, but it stains 
fabrics and tissue. The staining can be reduced 
and made temporary by complexing iodine 
with a detergent. Such complexes are known as 
iodophors, and many of them have been placed 
on the market as germicides. Some of them 
are unstable in the presence of hard water, heat 
and organic soil, yet they are reliable general 
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purpose disinfectants if employed in adequate 
concentration Instruments are likely to be 
corroded. 

They are good antiseptics because they are 
relatively nontoxic and produce rapid de- 
germing. The old problem of iodine burns was 
the result of careless contact with excessively 
high concentrations and need not be considered 
any longer. The germicidal action is due mostly 
or entirely to the release of free iodine and not 
to the complex itself 30 

The Alcohols 

This subject has been reviewed by the author 
in some detail 31 . Therefore the present discus- 
sion is confined to summary comments. Ethyl 
and isopropyl alcohol are much more useful as 
antiseptics than as disinfectants. Disinfectants 
can act only as long as they are in solution, and 
this means that the alcohols become ineffectual 
as soon as they evaporate. Although this 
property has the advantage of leaving no 
residue on treated surfaces, it often makes 
repeated applications desirable m order to get 
adequate exposure. 

Nevertheless, the alcohols are rapidly bacter- 
icidal 31 and, in the writer’s experience, they 
are the most active germicides against tubercle 
bacillus (Table VIII). They can be relied upon 
to destroy other vegetative bacteria promptly, 
provided little or no organic soil is present and 
they have not been diluted too much. Since it is 


TABLE VIII 

TUBERCULOCIDAL ACTIVITY 
Simultaneous Mucm-loop Method* 



Disinfection Times 

Phenolic 1, 3% 

2 to 3 hours 

Phenolic II, 3% 

45 to 60 minutes 

lodophor, 450 ppm. 

2 to 3 hours 

Isopropanol, 70% vol. 

5 minutes 


*No. of Myco tuberculosis (H37-Rv) per loop - 
approximately 10 4 . 
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convenient to use a single concentration 
throughout the hospital, one can select 85% by 
volume as suitable for general use. Because the 
alcohols rapidly lose their cidal activity when 
diluted below 50% concentration (see Table V), 
solutions should be watched closely with this in 
mind and discarded at frequent intervals. The 
alcohols dissolve cement mountings of lensed 
instruments and they blanch the asphalt tiles of 
floors. On long exposure they harden and swell 
plastic tubing, including polyethylene 

Ethyl and isopropyl alcohol are clearly the 
most effective of all antiseptics 20,21 . The cidal 
action is very rapid and includes all bacterial 
forms except spores. Ethyl alcohol has less 
drying action upon skin than isopropyl which is 
a better fat solvent, and so the former is the 
preferred degerming agent for skin. Their 
antiseptic potencies are about the same. 

Formalin 

Formalin is a solution of approximately 40% 
formaldehyde in water. Therefore, 8% formal- 
dehyde is 20% formalin. This strong concentra- 
tion is a high-level germicide and it can be used 
as a sterilizing agent provided the contact time 
is as long as 12 hours Its activity is further 
increased for the tubercle bacillus by diluting it 
in alcohol 

The irritating fumes of formaldehyde limit 
its usefulness and its toxicity for tissue requires 
that materials treated with it be thoroughly 
rinsed before use. 

Glutaraldehyde 

This chemical relative of formaldehyde is 
more active than the latter in that a 2% aqueous 
alkaline concentration (Cidex®) has been 
reported 32 as being the approximate sporicidal 
equivalent of 8% formaldehyde in alcohol 
(Bard -Parker Germicide®). It is a high-level 
disinfectant, and is tuberculocidal within a few 
minutes Glutaraldehyde is the liquid disin- 
fectant of choice for lensed instruments, 
inhalation therapy apparatus and critical items 
which should be sterile when used. Contact 
times of 8 to 10 hours guarantee sterility. The 
fumes are less irritating than those of 
formaldehyde. 
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GASEOUS DISINFECTANTS 


Formaldehyde and ethylene oxide (EtO) are 
very reactive chemicals which become gases at 
room temperatures. If enough moisture is 
present (50% relative humidity or higher), 
strong concentrations are sporicidal. Both gases 
are, of course, toxic for tissues, and articles 
exposed to them should be aerated to avoid 
subsequent irritation upon contact with tissue. 

Because of its high-level cidal action, disin- 
fection procedures using EtO are often termed 
“gas sterilization.” For reasons explained earlier 
in this review, many applications of EtO fail to 
sterilize. Consequently, the term “gas steriliza- 
tion” should be restricted to those procedures 
which pass the A.O.A.C. Sporicidal Test 11 . 

Formaldehyde 

This gas has been employed as a fumigant 
for many years, usually in the traditional — 
actually, antiquated — formaldehyde chamber. 
The bactericidal (and especially the sporicidal) 
effect is disappointing unless much moisture 
(70% R.H.) is present. This much moisture 
tends to corrode metal, and its fumes are, of 
course, very irritating. 

Ethylene Oxide 

The general subject of ethylene oxide 
sterilization was discussed in detail in a recent 
issue of this journal 33 . This compound has a 
much more rapid sporicidal action than 
formaldehyde, and its other properties are such 
that EtO is widely used commercially for the 
gas sterilization of prepackaged medical and 
surgical articles. The EtO sterilization pro- 
cedures in industry can be correctly called gas 
sterilization. But it is also important to 
remember, as noted earlier, that they employ 
relatively high gas concentrations, exposure 
times of 16 to 20 hours in a controlled and 
heated environment containing high relative 
humidity, and often preceded by a period of 
preconditioning in a moist environment. These 
specifications are very different from those of 
much of the equipment recommended for 
office and hospital use. It is not at all surprising 
that so-called ethylene oxide “sterilizers” often 


fail the A.O.A.C. Sporicidal Test. 

Indeed, the procedures being used in 
hospitals should be examined critically. Those 
which incorporate a heating coil, produce EtO 
concentrations of at least 450 milligrams per 
liter (mg/L) and provide adequate relative 
humidity, can be depended upon to sterilize if 
the exposure is long enough. The last- 
mentioned factor is important, for the time 
required to guarantee sterility may be several 
hours longer when spores which have become 
thoroughly dry (vs. moist ones) are present and 
the contaminated material has not been pre- 
conditioned by exposure to moisture or 
immersion in water. For example, freshly 
contaminated filter paper strips carrying about 
1 x 10 3 CL sporogenes spores in one of our 
tests were sterilized by a Sterivac® apparatus at 
130°C within 45 minutes, but the same type of 
strips after being allowed to dry 3 weeks were 
not sterilized in 3 hours. Placing additional 
moisture in the chamber in the form of wet 
cotton balls shortened the sterilization time by 
an hour or so, and a presoak in water for one 
hour reduced it to the same time as the fresh 
strip. 

There seems to be a lack of general 
recognition that ethylene oxide is subject to the 
same factors which are operative for other 
disinfectants, and that in the case of very dry 
spores the amount of moisture may be a critical 
factor. Although EtO disinfection is a very 
useful tool for preventing hospital infections, it 
has also been subjected to widespread misuse, 
primarily because of a compulsive emphasis by 
manufacturers upon the shortest possible 
exposure times. As a regrettable consequence, 
subsequent use of materials so treated 
constitute a hazard with consequences such as 
reported by Taguchi et al 34 . 

Because sterility is guaranteed with some 
EtO procedures (apparatus) but not with 
others, one must decide in each instance 
whether or not sterility is essential. If the 
answer is yes, one needs a heated apparatus 
which provides increased moisture and at least 
450 mg/L of EtO, and it should be run for the 
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period of time which the manufacturer can 
document will sterilize paper strips containing 
about 1x10^ Cl sporogenes spores. 

EtO disinfection is also useful for articles 
which do not have to be sterile but should be 
free of ail contamination except bacterial 
spores. This can usually be accomplished 
readily with the small, table-top types of 
apparatus which are dependent upon the 
ambient temperature and moisture, provided 
the manufacturer’s directions are followed. 

Note is made here, however, of the 
disturbing reports of nonsporulating bacteria 
highly resistant to EtO. This subject was dealt 
with at some length by Kereluk and Lloyd 33 . 


A major difficulty with the use of EtO is the 
residual toxicity of materials exposed to it. This 
gas penetrates solid materials extremely well, it 
also has a high combining affinity for a variety 
of substances. Consequently, many types of 
materials, and rubber articles in particular, are 
likely to cause tissue irritation, hemolysis of 
blood, etc., unless they are thoroughly aerated 
after exposure to the gas 33 . 

Beta Propiolactone 

Beta propiolactone is the most rapidly 
sporicidal of the three gases, but it has too 
many detrimental properties to be suitable for 
hospital disinfection. 


FOGGING AND SPRAY DISINFECTION 


Fogging 

Fogging is the process of filling the air of a 
room with an aerosol disinfectant sprayed from 
a centrally located revolving dispenser. The 
common assumption that such aerosols reach 
all parts of a fogged room is generally un- 
warranted, for often many surfaces will have 
only droplets deposited on them. Unless 
surfaces are completely covered by a layer of 
germicidal solution, disinfection will be in- 
complete. Because fogging is quick and saves 
labor costs it is an attractive substitute for 
manual surface disinfection, but the mist which 
is created has a greater psychological than 
microbicidal effect As suggested by McGray et 
ol . 3 ^, it should be considered a supplementary 
procedure to thorough cleansing and surface 
application of disinfectants. In other words, it 
is not by itself an adequate method for the 

SELECTION OF 

Even though the user may have a good 
working knowledge of the nature of microbial 
contamination, the principles of disinfection 
and the comparative value of available 
germicides, some practical suggestions may be 
helpful in selecting the best one for a particular 
purpose. 


terminal disinfection of rooms which have 
contained infected patients. 

Finally, there is reason to be concerned 
about potential harm to the respirary tissue 
from inhaling droplets of phenolic disinfectant 
solutions and other protoplasmic poisons 
suspended in the air. 

Spray Disinfection 

This means spot disinfection with an aerosol 
spray from a pressurized can of disinfectant 
solution held m the hand. Because it is 
generally applied close to the area being 
treated, a complete film can be produced easily 
and this is the equivalent of the usual hand- 
wipe method of application. Spraying is a 
convenient way to get disinfectant into crevices 
and through ventilation gratings. There is the 
risk of inhaling germicide here, too. 

DISINFECTANTS 

1. Determine the level of disinfection 
required If the application is the disinfec- 
tion of a critical item such as transfer 
forceps, select a high-level solution that is 
capable of producing sterility if resistant 
forms happen to be present When there is a 
risk of exposure to tubercle bacilli, but not 
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spores, a good tuberculocide is adequate. 
Thus it is necessary to consider both the 
types of microorganisms likely to be present 
and the nature of the application. 

2. There are many proprietary germicidal 
solutions which have not been subjected to 
in-use testing. Thus, it seems advisable for 
users who are unable to get a good bacterio- 
logical opinion to choose “brand-name” 
products which are sold in interstate 


commerce since these come under federal 
jurisdiction and have probably been 
approved as meeting accepted standards. 

3. When considering an unfamiliar disin- 
fectant ask for comparative data with a 
standard germicide of the same type, for 
example, Zephiran®, if it is a “quat,” or 
Wescodyne if it is an iodophor. Ask a 
bacteriologist to evaluate the data. 

4. Consult Table X (on next page). 


ANTISEPSIS* 


As pointed out earlier, antisepsis is a special 
application of chemical disinfection in which 
the maximum usable concentration of anti- 
septic is sharply limited by the risk of skin and 
mucous membrane irritation. Consequently, 
only low-level and a few intermediate level 
germicides are applicable; yet some of these 
bring about a marked reduction in the size of 
the skin population within a few minutes or 
even seconds. 

The literature on antisepsis is enormous and 
hexachlorophene has been the most popular 
antiseptic in recent years. A comprehensive 
discussion in this review would make it 
inordinately long. Therefore, the reader is 
referred to Price’s article in a recent issue of 
this journal 21 for a practical and authoritative 
treatment of the surgical scrub and preoperative 
preparation of skin. The material included in 
the present review is primarily intended to 
complement the Price article. 

The skin cannot be sterilized of its normal 
flora, but the number of living bacteria can be 
reduced significantly by scrubbing with soap or 
detergent, and/or application of antiseptic 
solution. Normal skin flora consists of the 
superficial, transient bacteria which are 
acquired casually and removed easily, and the 
resident flora consisting of persisters which live 
and multiply in the skin at the openings of the 


hair follicles and sebaceous gland ducts. The 
graph in Fig. 2 was obtained with the Price 
serial basin method. 



Fig. 2: Graphic indication of the appearance of 
three divisions of the cutaneous flora — 
transients, residents, and deep bacteria. 

The discovery of hexachlorophene led to the 
development of the first important germicidal 


*Portions of this section are reprinted by permission of the AORN Journal, official publication of the Association 
of Operating Room Nurses. Figs. 2 to 5 are those of Dr. P. B. Price and they appeared originally in reference 20. 
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TABLE IX 

RECOMMENDATIONS FOR CHEMICAL DISINFECTION AND STERILIZATION 



Disinfection 

Sterilization 


Category A 

Category B 

Categories A 8t B, plus 


Vegetative bacteria 

Category A, plus 

hepatitis viruses $, 


and fungi, influenza 

tubercle bacillus, 

bacterial and some fungal 

Objects 

viruses. 

and enteroviruses. 

spores. 


la — 10 min. 

1b — 15 min. 

2—18 hours 


2-5 min. 

2 - 10 min 

7 — 3 to 12 hours© 

Smooth, hard* 

3 — 10 min. 

4b — 20 min. 

8 - 12 hours 

surfaced objects 

4a - 10 mm. 

5a — 10 min. 

8— 5 min. 

9- 5 min. 

5b — 20 min. 

8 — 15 mm. 

9 — 15 min. 

9—10 hours 

Rubber tubing and 

3—10 min. 

1 


catheters# 

4a- 10 min. 

5a - 5 min 

■Bill 

mm 

Polyethylene 

la— 10 min. 

lb — 15 min. 

2-12 hours 

tubing and 

3 — 10 mm. 

4b — 20 min. 

7 — 3 to 12 hours© 

catheters# 

4a - 10 mm. 

5b — 20 min. 

8 - 12 hours 


5—10 mm. 

9 — 15 min. 

9—10 hours 


3-10 mm 

8 — 15 mm. 

■MUM 

Lensed instruments 

4a — 10 mm. 

5a — 10 mm. 

9 — 15 min. 

■sun 

Thermometers t 

1c- 10 min. 

1c - 15 mm. 

2-12 hours 

7 — 3 to 12 hours© 

(cold cycle only) 

8 - 12 hours 

9-10 hours 


la - 15 min. 

1b - 20 min. 

7 — 3 to 12 hours© 


2-10 min. 

2 — 15 min. 

8-12 hours 


3—20 min. 

4b — 30 mm. 

9-10 hours 

Hinged instruments % 

4a - 20 min. 

5a — 15 mm, 

8- 10 min. 

9- 10 min. 

5b - 30 min 

8 — 20 mm. 

9 — 20 min. 


Inhalation and 

1 



anesthesia 

equipment 

wdbM 

bbh 

9-10 hours 


3 


None 

Floors, furniture. 

4a 

5b 


walls, etc. 

5a 

6a 

6b 



See next page for key to agents appearing in Table. 
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KEY TO AGENTS APPEARING IN TABLE IX ON PREVIOUS PAGE 

la. Ethyl or isopropyl alcohol* (70-90%) 

lb. Ethyl alcohol (70-90%) 

lc. la. + 0.2% iodine 

2. Formaldehyde (8%) + alcohol (70%) solution* 

3. Quaternary ammonium solutions* (1 :500 aq.) 

4a. lodophor — 100 ppm available iodine* 

4b. lodophor — 500 ppm available iodine* 

5a. Phenolic solutions (1% aq.)* 

5b. Phenolic solutions (2% aq.)* 

6a. $odium hypochlorite, 2000 ppm 
6b. Sodium hypochlorite (1%) 

7. Ethylene oxide gas 

8. Aqueous formalin (20%) 

9. Activated glutaraldehyde (2% aq.) 

* 0.2% sodium nitrite should be present in alcohols, formalin, formaldehyde-alcohol, quaternary ammonium, and 
iodophor solutions to prevent corrosion; and 0.5% sodium bicarbonate should be present in phenolic solutions 
to prevent corrosion. 

$ Very little direct observation has been possible. 

# Be certain tubing is completely filled. 

4 Thermometers must be thoroughly wiped, preferably with soap and water, before disinfection or sterilization. 
Alcohol-iodine solutions will remove markings on poor-grade thermometers. 

@ Depending upon procedure used, more rapidly cidal for category A and B microorganisms. 

% Must first be cleansed grossly free of organic salt 

(G. F. Mallison, U.S.P.H.S. National Center for Disease Control, contributed substantially to the format and 
detail of this table.) 


soap, made possible by two important 
properties of this chemical. First is retention of 
germicidal activity m the presence of soap, 
whereas most germicides are cationic and 
neutralized by anionic substances such as soap. 
This is the case with “quats.” Secondly, hexa- 
chlorophene is insoluble in water; thus its 
continual use results in an accumulative deposit 
on the skin which only very slowly washes off 
with water. Its bactericidal action is due to that 
amount of hexachlorophene which dissolves in 
the fatty acids of the skin. After several days of 
continual use the skin flora may be reduced 
significantly and kept at a low level by repeated 
applications. 

On the other hand, the rate with which 
hexachlorophene kills is slow (Fig. 3 [see next 
page]). Ivory soap has the same effect as a 
single scrub with hexachlorophene, therefore, 
hexachlorophene has no virtue for^ emergency 
preps 20 . With continuous use, a Gram-negative 


replacement flora may develop. 

Hexachlorophene is completely and 
immediately soluble in alcohol. Thus the usual 
hexachlorophene scrub regimen omits alcohol. 
This is unfortunate because Price has shown 
repeatedly that alcohol is the most effective 
degerming agent for skin 20,21 . Also see Fig. 4 
(on next page). 

The great value of alcohol as a skin 
degerming agent is beautifully illustrated in Fig. 
5 (page 29). The steepness of the slope of the 
lines indicates the degree of killing (degerming) 
produced. Note that the alcohohacetone base 
alone is more active than the tincture of 
merthiolate containing the same base. In other 
words, the degerming action of alcohol (the 
active component m the tincture base) was 
actually reduced by the addition of the 
mercurial compound. Note also that this 
alcohol base was more effective than the 
aqueous Zephiran®, but also observe the effect 
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Fig. 3: Absence of immediate degermmg effect of 2 % hexachlorophene liquid soap; in fact, less 
action than an equal scrub with an ordinary soap. 



MINUTES 

Fig. 4: Degerming effects of scrubbing followed by an alcohol wash. 
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Soap and water 
Aqueous merthiolate 1 1000 
Tincture of merthiolate 1 1000 
Aqueous Zephiran 1 1000 


Mixture of alcohol 50% (by 
volume) and acetone 10% 

Tincture of Zephiran 
Ethyl alcohol 70% (by weight) 

Iodine 1% in 70% alcohol 


Fig. 5: Comparative effects when hands and arms are washed m 
various antiseptic solutions, including iodine. 


of dissolving Zephiran w in the alcohol-acetone 
base (Tincture of Zephiran®) instead of water 
Other significant information shown here 
indicates the superiority of 70% alcohol by 
weight (about 80% by volume) over the 
pharmaceutical 50-10% base, and also the 
added activity achieved by adding 1% iodine to 
70% alcohol* 

Therefore one is entitled to question the 
wisdom of abandoning entirely this highly 
efficient antiseptic. In fact, a good standard 
procedure for hand-arm scrub is Ivory soap and 
isopropyl alcohol wash, a procedure recom- 
mended by Price‘S. The drying effect of 
alcohol can be reduced by the incorporation of 
the emollient cetyl alcohol in 0.5% final 
concentration 37 . At least one manufacturer* 
recommends dilution of its hexachlorophene in 
alcohol in order to combine the rapid degerm- 
mg action of alcohol with the continuous 
bacteriostasis produced by residual hexa- 
chlorophene left on the skin after the alcohol 
has evaporated. This makes sense, and would 


deserve wide adoption if it were not for the 
recent disturbing reports of central nervous 
system toxicity (in rats) caused by hexachloro- 
phene absorbed through the skin 3 . 

From the bacteriological viewpoint it is a 
reasonable step to combine hexachlorophene 
with alcohol. The usual scrub procedure (Price 
recommends 7 minutes) may be carried out 
with plain or hexachlorophene soap, followed 
by a water rinse and then a wash in a 
hexachlorophen e-isopropanol-cetyl alcohol 
solution 37 which leaves a hexachlorophene- 
cetyl alcohol residue on the skin. Continual use 
of a hexachlorophene soap outside the 
operating room is also indicated. 

The results in Fig. 5 also suggest that the 
best antiseptic for preoperative preparation of 
the skin is alcohol and iodine. This does not 
preclude prior washes with a hexachlorophene 
soap or, for that matter, any one of a number 
of different antiseptics. The one essential step is 
the application of alcohol rubbed in with gauze 
and allowed to evaporate. 


* Vesta! Laboratories, Div of W. Ft. Grace & Co 
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Cleaning and Disinfection of Hospital Floors 


G A J AYLIFFE,* M d , m c path , B J COLLINS,* aim.lt , E J L LOWBURY,* dm, fc path. 


Hospital floors become contaminated by settlement of airborne 
bacteria, by contact with shoes, tiolley wheels, and other solid 
objects, an* 1 occasionally by the spilling of urine, pus, sputum, 
and other fluids. Pathogens commonly present on the floor 
include Staphylococcus aureus dispersed by patients and staff, 
and (in much smaller numbers) Gram-negative rods* such as 
Pseudomonas aeruginosa. Spores of Clostrtdium tetani and 
gas-gangrene bacilli are also present on floors, probably 
deposited in larger numbers from shoes and trolley wheels 
than by deposition from the air. Some of the bacteria lie 
loosely in dust, while others are ingrained into the surface and 
between cracks. 

The removal of this reservoir is one of the normal aims in 
the control of hospital infection. Dispersal of bacteria into 
the air has been greatly reduced through the replacement of 
brooms by vacuum cleaners m wards (Rogers, 1951 ; Bate, 
1961 ; Babb, Lillcy, and Lowbury, 1963), but vacuum cleaners 
and also oiled mops do not remove a large proportion of the 
bacteria from floors (Babb et aJ., 1963). Scrubbing and 
disinfection might be expected to hav^ a larger effect, and 
useful results of disinfection are reported by Foster (1960). 
Finegold, Sweeney, Gaylor, Brady, and Miller (1962) and 
Vesley and Michaelsen (1964), on the other hand, have reported 
no significant difference in the reduction of bacterial counts 
on floors washed with detergents or with disinfectants. 

We describe here a comparison of alternative methods of 
disinfecting and cleaning ward floors. The prompt recon- 
tammation of disinfected areas, and the consequent need to 
cover test areas during assessments of disinfection, became 
apparent during the study. 

Materials and Methods 

Disinfectants 

A selection of agents commonly recommended for surface 
disinfection was investigated. The concentration chosen was 
1/100 of concentrate or 1% w/v for most of the disinfectants, 
but the concentration recommended by the manufacturers was 
used if this was markedly different. 

Aqueous solutions of the following compounds were studied : 

1 Phenolic compounds Sudol 1/100, Hycolin 1/100, Izal 1/100 
and 1/160 

2. Chloroxylenol • Dettol 1/100 and 1/40 

3 Quaternary ammonium compounds: Benzalkomum chloride 
(Roccnl) 0 1%, Cetrimide BP. 01%. 

4 Ampholytic compound Tego MH G. 1/100, 

5 Combination of tn-n-butyltin, a quaternary ammonium com- 
pound (alkyl dimethylchlorobenzyl ammonium chloride) and 
isopropyl alcohol; Micro Gard with Tnmicrotin 1/100 

6 A mixture containing a non-ionic detergent and a quaternary 
ammonium compound (alkyl dimethylbenzyl ammonium chloride): 
Shield 1/40. 

7. Chlorhexidine (Hibitane) 1/500 and 1/5,000 

8 Iodophors : Idokyl and Wescodyne 1/100 and 1/160. 

9. Chlorine compounds: Domestos 1/100 and 1/160; chlorine 
cleaning powders, Divcrsol BX 1% and Septonite 1%. 

10 Ethyl alcohol 70% 

• MR.C Hospital Infection Research Laboratory, Summerficld Hospital, 
Birmingham. 


Laboratory Tests 

A bactericidal test was used for a preliminary study of the 
disinfectants The test organisms were strains of Staph aureus 
and Ps. aeruginosa isolated from clinical sources. In the test 
0 5 ml. of an 18-hour broth culture of the test organism was 
added to 4 5 ml of disinfectant solution at room temperature 
Three standard loopfuls were transferred to an agar plate, 
and one loopful to 2 ml. of nutrient broth at intervals of 
1, 2i, 5, and 10 minutes The inoculated plates and broth 
were incubated at 37° C. for 24 hours, and the broths were then 
subcultured on to agar plates which were incubated at 37° C. 
for 24 hours The minimum time of exposure after which 
no growth was obtained on the agar plate or m the tubes 
of broth was recorded. The tests were repeated with 20% 
serum added to the disinfectant solutions before addition of 
the organisms Egg-yolk Tween 80 agar plates, and egg-yolk 
Tween 80 broth (Morris and Darlow, 1959), were used for 
sampling quaternary ammonium and Tego compounds 
Sodium thiosulphate 0.5% was added to the nutrient broth 
for sampling iodine and chlorine compounds. To exclude 
the possibility of carry-over of a bacteriostatic amount of 
disinfectant, tubes of broth showing no growth were inoculated 
with one drop of a suspension of Staph, aureus (approximately 
10 organisms) and examined for growth after 18 hours’ incuba- 
tion at 37° C. 


Surface Disinfection Tests 

The effect of cleaning a contaminated glass plate and a 
similarly contaminated floor covered with polyvinyl tiles with 
a disinfectant or a detergent was investigated. A glass plate 
32 by 22 in. (81 by 56 cm.) was divided into 15 squares. 
Six randomly selected squares were inoculated with five standard 
loopfuls of a suspension of organisms in horse serum (5 X 10* 
orgs./ml.). Three of these squares were inoculated with 
Staph . aureus, and the other three squares with Ps. aeruginosa 
(the same strains as in the last experiment). After drying for 
one hour one square inoculated with Staph, aureus, and another 
with Ps. aeruginosa, were sampled with moistened throat swabs 
A pad of cotton-wool (approximately 2 by 2 by 1 in (5 by 5 
by 2.5 cm.) was immersed m disinfectant or detergent, excess 
fluid was drained off, and the whole surface of the glass plate 
was thoroughly cleaned with the pad. After drying the other 
four contaminated squares were sampled by rubbing over the 
surface of each with a throat swab moistened with a solution 
containing lecithin, Lubrol, and sodium thiosulphate (Lowbury 
and Lilly, 1960). The swabs were inoculated on to nutrient 
agar or egg Tween 80 agar and incubated at 37° for 48 hours. 
Similar tests were also made on a floor covered with polyvinyl 
tiles. 

Ward Study 

Sampling Techniques 

Floors were sampled with agar impression plates (Foster, 
1960 ; Babb et al , 1963), each plate covering an area of 
9 6 sq. in. (62 sq. cm.). Phenolphthalein diphosphate was 
added to the agar to obtain presumptive counts of Staph, aureus 
(Barber and Kuper, 1951) ; egg yolk and Tween 80 were 
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aJJed to plates for tests with Tego and quaternary ammonium 
compounds. Counts of total organisms and presumptive 
Staph, aureus were made after 24 hours* incubation at 37° C. 
Vests for carry-over of disinfectant were also made by adding 
drops of a suspension of Staph, aureus (approximately 10 
organisms/drop) to impression plates which showed little or 
no growth after samplmg a treated floor ; there was no 
inhibition of growth from these inocula. 


Floor-cleansing 

The experiments were performed in a 28-bedded male surgical 
ward with a terrazzo floor. 

Experiment 1 — -The ward floor was swept with a broom 
and mopped with soap and water or disinfectant solution 
bv ward cleaners at 7 a.m. according to the usual routine. 
Measured quantities of neat disinfectant were supplied to the 
cleaners m bottles and added to a bucket of hot water to give 
die required concentration. The floors were sampled one hour 
and nine hours after mopping Six impression plates were 
used for each test, and tests were repeated daily with each 
disinfectant for three or five days Tests were made with soap 
and water, Shield, Tego MHG, and Sudol 

Experiment 2 . — In Experiment I the high total bacterial 
counts obtained one hour after cleaning with a disinfectant 
suggested either heavy recontammation or ineffective disinfec- 
tion. To solve this problem the following tests were made. 
Four impression plates were taken from an area of floor, 
which was then mopped with soap and water or disinfectant 
by the ward-cleaner. The mop and bucket were rinsed in the 
solution before use and a fresh solution was used for the floor 
treatment A cardboard box (15 by 9 by 9 in. , 38 by 23 by 
23 cm) open on one side was placed on the treated floor 
with the open side downwards to prevent recontamination. 
After one hour two impression-plate samples were taken from 
the area covered by the box, and two plates were also taken 
from an adjacent treated but uncovered area. Two settle plates 
were exposed on top of the box during the test period. Tests 
were made with soap and water and 10 disinfectants. 

Experiment 3 . — Further tests were made with the use of the 
box to compare the effectiveness of soap and water, Tego, 
Micro Gard, Hycolin, and Sudol. Mops were used for all 
tests except the one in which a Cimex Eagle combined scrubbing 
and vacuum-drying machine was used with a detergent. Six 
impression plates were taken from a selected area of floor, 
which was then treated as m Experiment 2, and the open 
cardboard box was inverted over part of the treated floor. 
After one hour six impression plates were taken from the area 
covered by the box Two tests were performed with each 
cleaning agent in the experiments with mops, and one test with 
the scrubbmg-and-drying machine. 


Results 

Bactericidal Tests 

Table I shows the minimum exposure time required to kill 
a single strain each of Staph, aureus and Ps. aeruginosa with 
and without the addition of 20% serum to the disinfectant. 
The results indicate that in these tests most of the disinfectants 
were effective against both organisms in the absence of organic 
matter. Sudol, Izal, and 0,2% chlorhexidine were effective 
against both organisms m one minute in the presence of 20 % 
serum. Shield was slightly less effective against Staph, aureus 
m the presence of serum, and the other quaternary ammonium 
compounds were less effective against Ps. aeruginosa in the 
presence of serum. Tego and the chlorine compounds were 
less effective against Staph , aureus than against Ps. aeruginosa. 
The iodophors, the chlorine compounds, Tego, and to a less 


extent Hycolm showed reduced activity m the presence of 
serum. An unexpected finding was the greater activity of 
Dettol against Ps. aeruginosa than against Staph, aureus ; 
preliminary tests with another chloroxylenol preparation 
(D.CMX.) had shown that this had poor activity against 
Ps. aeruginosa. Activity of Dettol against both organisms was 
reduced m the presence of serum. Chlorhexidine at a dilution 
of 0 02 % was less effective against either organism than most 
of the other disinfectants tested. 


Table I — Time in Minutes Taken to Kill Stroms of Staph, aureus and 
Ps aeruginosa tn Solutions of Disinfectants 


Disinfectant 

i Staph aureus 

j Ps. aeruginosa 

No Serum 

20% Serum 

No Serum 

20% Serum 

Phenolic compounds: 
Sudol 1/100 

Izal 1/100 

1 

1 

1 

1 

1 

1 

1 

1 

Hycolin 1/100 

1 

2i 

1 

5 

Chloroxvlenol 

Dettol 1/100 . | 

5 

>10 

1 1 

! >io 

Dettol 1/40 

2\ 

10 

1 

5 

Chlorhexidine 

Hibitane 0 2% 

1 1 

1 

1 

1 

>10 

Hibitane 0 02% 

5 

>10 

5 

Quaternary ammonium 
compounds 

Benzalkonium chloride 
(Roccal) 0 1 % 

1 

! 

1 

1 

10 

Cetrimide BP. 0 1 % 

1 

i 1 1 

1 

10 

Tn-n-butyltm + quater- 
nary ammonium 
compounds 

Micro Gard 1/100 

1 

1 

2§ 

>10 

Quaternary ammonium 
compound + deter- 
gent 

Shield 1/40 

1 

21 

1 

1 

Ampholyuc compound 
Tego 1/100 

10 

>10 

1 

>10 

Iodophors 

Idokyl 1/100 

1 

>10 

2 * 

>10 

Wescodyne 1/100 

1 

>10 

5 

> 10 

Chlorine compounds 
Domestos 1/100 

2\ 

>10 

1 

>10 

Diversol BX 1% 
Scptonite 1% 

>10 

>10 

2* 

>10 

>10 

>10 

2f 

>10 


Surface Disinfection Tests 

Ps. aeruginosa was not isolated from the glass plate after 
cleaning with any of the disinfectants or with a non-ionic 
detergent alone. Sudol 1/100, Izal 1/100, Hycolin 1/100, 
Dettol 1/40, Roccal 0.1%, cetrumde 0.1%, Micro Gard 1/100, 
Shield 1/40, Tego 1/100, Domestos 1/100, Idokyl 1/100, 
ethyl alcohol 70%, chlorhexidine 0.2%, and Diversol BX 1% 
were all effective against Staph, aureus, and no growth was 
obtained from the plate after treatment with these disinfectants. 
Staph, aureus was still isolated in large numbers from all 
squares following the use of 0 02% chlorhexidine and of a 
non-ionic detergent. Similar results were obtained with 
polyvinyl tiles as with the glass plate. The results indicate 
that cleaning with detergent alone, followed by drying, was 
sufficient to kill or remove Ps. aeruginosa, and that similar 
treatment with all but one of the disinfectants, even if their 
activity is reduced by serum, was also effective against Staph, 
aureus. Cleaning with detergent alone was not sufficient to 
remove or kill Staph, aureus present m dried serum. 


Ward Tests 

The results obtained from Experiment 1 are shown in 
Table II. The total counts of impression plates taken one hour 


Table II— Mean Bacterial Counts on Impression Plates from Ward 
Floors 


Treatment 

1 hour After Cleaning 

9 hours After Cleaning 

Total 

Staph 

aureus 

No. of 
Plates 

Total 

Staph. 

aureus 

No. of 
Plates 

Soap and water 
Shield 1/40 

Tego 1/100 

Sudol 1/100 . 

423 

470 

921 

859 

46 

77 

17 

27 

30 

30 

18 

18 

661 

532 

644 

863 

9*1 

20-2 

36 

45 

30 

30 

18 

18 
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after cleaning were very high, and indicate rapid and heavy 
rccontammation. With Sudol the mean total counts at nine 
hours were the same as at one hour ; they were slightly higher 
with soap and water and with Shield, and lower with Tego. 
When recontamination was prevented by protecting an area 
of floor with a box, as in Experiment 2, a considerable reduction 
in total bacterial counts and a reduction in the numbers of 
Staph . aureus was found one hour after all methods of cleaning. 
Table III shows a reduction of 89.7 % m bacterial counts with 
soap and water, and reduction of 93.7 to 99.9% following the 
use of disinfectants. The counts of samples taken from a 
treated area outside the box were much higher, indicating 
recontamination and an absence of continuing disinfection after 
drying. The counts from the uncovered area were variable, and 
lower than those obtained in Experiment 1, as the tests in 
Experiment 2 were performed at a time of less ward activity. 
Settle plates exposed on the box during the test (one hour) 
showed an average of 59 colonies/plate. 


Table III. — Effects of Cleaning and Disinfection on Exposed and 
Coveted Aram of Ward Floor ___________ 


Treatment 

Mean Bacter al Counts j 

% Rcduc- 
non (Total 
Organisms) 
After 

Treatment: 

Covered 

Areas 

Before 

Treatment 

After Treatment 

Total 

Staph. 

aureus 

Floor Exposed 

Floor Covered 

Total 

Staph. 

aureus 

Total 

SropA 

aureus 

Sudol 1/100 . 

190 

45 

75 

0 

25 

tl 

'>8*7 

Izal 1/160 

945 

45 

179 

3 

9 

0*5 

991 

Dettol 1/40 . . 

445 

1 2 

144 

1 

5*5 

0 

98 8 

Hycolin 1/100 . 

261 

28 

221 

25 

165 

05 

93 7 

Micro Gard 1/100 

788 

24 

261 

0-5 

1 

0 

99 9 

Shield 1/40 . 

210 

03 

142 

1 

25 

0 

58 8 

Tego 1/100 

400 

0 

684 

0 

24 

0 

94 

Idokyl 1/160 

267 

0 

79 

0 

6 

0 

97-8 

Domeatoa 1/160 

162 

25 

120 

6 

5 

0 

969 

Divcrsol BX 1% 

830 

85 

243 

2*5 

185 

0-5 

97 8 

Soap and water 

397 

13 

460 

3 

41 

0 

89 7 


The results of Experiment 3 are shown in Table IV. They 
confirm with a larger series of observations the results obtained 
in Experiment 2 with soap and water, Sudol, Micro Gard, 
Hycolin, and Tego. A significant reduction in the mean of 
total organisms was obtained after cleaning the floor with soap 
and water (t=9.16, PC0.001). The mean bacterial counts 
obtained after using disinfectants were significantly lower than 
those obtained with soap and water (Sudol : t= 10.7, PC0.001 ; 
Micro Gard: t=11.6, PC0.001 ; Hycolm: t=8.6, PC0.001 ; 
Tego: ts=8.3, PcO.OOl). 

The mean bacterial counts from the floor after cleaning 
with Sudol and with Micro Gard were significantly lower than 
that obtained with Tego (Sudol : t=3.6, P<0 01 ; Micro Gard : 
t=4.8, PC0.001). 

In the experiment with a Cimex Eagle combined scrubbing 
and vacuum-drying machine the mean reduction by use of 
detergent was 80.7 % (approximately the same as that obtained 
with a mop and soap and water). 


Discussion 

The bacteria in an area of terrazzo hospital-ward floor pro- 
tected from recontamination were greatly reduced in numbers 
after each of the methods of cleaning and disinfection tested. 
In contrast with the 40-50% reduction in floor bacteria 


obtained by using dry methods (a vacuum cleaner or oiled 
mops) (Babb et al., 1963), washing with soap and water or 
a detergent, either with a mop or with a combined scrubbing 
and vacuum-drying machine, caused a reduction of about 80%, 
and much larger effects were obtained with disinfectants. The 
most active agents tested caused a reduction of over 99%, 
and all the disinfectants included in our study had an appre- 
ciably greater effect than soap and water. The value of 
disinfectants m removing bacteria from a floor corresponded m 
most cases with their performance in killing Staph . aureus m 
tube tests and on a glass plate— for example, Sudol and Micro 
Gard were highly active, and the halogens (hypochlorite and 
iodophor solutions), which are rapidly inactivated by organic 
matter, were less effective m both laboratory and field tests 
Hycolm and Tego had an intermediate position in laboratory 
tests, but were the least successful m field tests. Though 
Staph, aureus was present in the laboratory test after five 
minuses* exposure to Tego, exposures of one, two and a half, 
and five minutes showed a considerable reduction in their 
numbers. 

Organic tin compounds have been claimed to exert a 
continuing antibacterial action after use, as a result of which 
surfaces can be kept relatively free from contamination (Hudson, 
Sanger, and Sproul, 1959). The claim was not supported m 
studies by Finegold et al. (1962), or Kingston and Noble (1964), 
or in our studies, which showed as much rccontamination on 
unprotected areas of floor treated with Micro Gard as on 
unprotected areas treated with other disinfectants or with soap. 

The benefit of removing bacteria from ward floors is largely 
annulled by the rapid recontamination of these surfaces. This 
has also been shown by Vesley and Michaelsen (1964), though 
the rate of recontamination in their experiment was less than 
in the present study. Because of the apparent failure of 
disinfectants to disinfect, some authorities hold that it is 
probably not worth while using them for the cleaning of floors 
except when there is severe contamination (Report, 1965). But 
since the level of bacteria in any environment is determined by 
a balance of acc etion and elimination, the use of disinfectants 
must have some value, even if it is not apparent in places where 
the rate of recontamination is high ; this condition obviously 
occurs in certain wards, especially during and after cleaning 
rounds, when there is maximum activity and movement of beds. 

Our results emphasize the need to prevent rccontamination 
of floors from the air, and from contact with shoes and other 
objects. Oiling of bedclothes was shown by van den Ende and 
Spooner (1941) to reduce the dispersal of bacteria. With the 
change from woollen to boilable cotton blankets, and the intro- 
duction of vacuum cleaners in wards, the practice of oiling 
blankets and floors was quietly abandoned. Experience on the 
value of dust-laying in preventing cross-infection has varied 
(Wright, Cruickshank, and Gunn, 1944 ; Clarke, Dalgleish, 
Parry, and Gillespie, 1954). A reassessment of methods which 
prevent the dispersal of bacteria from bedclothes, including 
cotton cellular blankets, would be useful. Other sources may 
be still more important, especially the dispersal of epithelial 
scales (Davies and Noble, 1962) ; a more widespread use of 
antiseptic soaps by staff and patients might be expected to 
reduce this source of contamination. 

There is uncertainty about the role of floor bacteria as a 
source of hospital infection, but it is rational, when practicable, 
to prevent the establishment of reservoirs of pathogenic bacteria 


Table IV — Effects of Cleaning and Disinfection on Covered Areas of Ward Floor : Mean Bacterial Counts 


Treatment 

Before Treatment 

1 hour After Treatment, Floor Covered 

% Reduction 
Total 

Total 

Staph . aureus 

No. of Plates 

Total 

Staph, aureus 

I 

■3 

1 

Organisms 

Soap and water 

Sudol 1/100 

Hycolin 1/100 .... 

Micro Gard 1/100 with Truntcrotm 
Teiol/100 

699-8 ± 60-4 

1,242 ±1441 

364-2 ± 34 9 

905-7 ±136*0 

880 8 ±121*0 

1-7 

1*7 

7*4 

22-6 

101 

12 

12 

12 

12 

12 

137 ±10 7 

12*6 ± 4-3 

21*6 ± 6*5 

8*3 ± 2-6 

37*5 ± 54 

14 

0*3 

0*17 

3*1 

12 

12 

12 

12 

12 

80 4 

990 

94- 1 

99-0 

95- 7 
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and to remove such reservoirs. The majority of disinfectants 
te%ted at the chosen concentration appeared to be highly effective 
m this respect. The tests were carried out by usmg one concen- 
tration of disinfectant on terrazzo flooring m one ward, and 
it is possible that different results might be obtamed under 
other conditions. In the selection of a disinfectant for floor 
treatment its activity against the range of pathogens m the 
reservoir, its safety, acceptability m use, aesthetic results, and 
cost must be considered ; the type of flooring is also relevant, 
because materials used for flooring may be damaged by some 
compounds. Some disinfectants which were highly active 
against Staph, aureus but less active agamst Ps. aeruginosa m 
laboratory tests were effective m field tests, and our experiments 
suggest that Ps. aeruginosa could be successfully removed from 
surfaces by cleaning with these agents ; as a result of their high 
death rate on drying, these organisms, when present in floor 
dust, are very scanty and are probably further depleted by the 
evaporation of solutions used for disinfecting the floor. 
Chlorine compounds, though better than soap and water, were 
less effective than the best of the disinfectants. Phenolic com- 
pounds varied m their effectiveness ; the best of these, however, 
showed highly satisfactory results both in laboratory and m 
field tests. 

Toxicity will also affect the choice of a disinfectant ; many 
phenolic compounds — for example, Lysol and to a less extent 
Sudol — and tri-w-butyltin compounds may be corrosive, parti- 
cularly m high concentration, and should be handled with care. 

In testing the effectiveness of a new method of disinfection 
it is perhaps reasonable to require that it shall reduce the total 
floor bacteria on areas protected from recontamination by about 
95-99%, or to fewer than 15 bacterial colonies and less than 
one colony of Staph aureus pci impression plate. 


Summary 

After preliminary assessments of bactericidal action by 14 
disinfectants, the ability of selected agents to remove bacteria 
from hospital-ward floors was studied and compared The 
disinfectants included phenolic, quaternary ammonium, and 
ampholytic compounds, a tri-n-butyltin compound, a chlor- 
oxylenol, chlorhexidine, iodophors, chlorine compounds and 
cleaning powders, and 70% ethyl alcohol. 


Impression-plate samples showed little or no reduction in 
total bactena or m Staph, aureus on exposed floors after 
washing or disinfection ; but when an area of floor was pro- 
tected from recontamination by inverting an open box over 
the area, large reductions in total bacterial counts were found, 
and Staph, aureus was reduced or eliminated after such treat- 
ment. Soap and water caused a mean reduction of 80% and 
disinfectants caused a mean reduction of 93-99% in bacterial 
counts on areas protected from recontamination. These effects 
were highly significant, as were the differences between 
detergent washing and disinfection , significant differences 
between certain disinfectants were also found All of these 
treatments caused a much larger reduction m bacteria than had 
been found in earlier studies with dry methods (vacuum cleaners 
and oiled mops). 

Since the benefits of disinfection are frustrated by recon- 
tammation, it is necessary also to reduce the access of bacteria 
by air and by contact if floors are to be kept bacteriologically 
clean 


We wish to thank Miss Sandra Louis and Mr M Wilkins for 
technical assistance, the Matron and Domestic Supervisor of Dudley 
Road Hospital for their co-operation, and the manufacturers for 
supplies of disinfectants 
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Methods for Disinfection of Hands and Operation Sites 

E J. L LOWBURY* d.m ; H A LILLY* F I M l.t ; J P. BULL * M D 


In previous studies we compared the relative value of alternative 
methods for disinfecting the hands of nurses and surgeons and 
the skm of operation sites, but a number of relevant questions 
were not considered. For disinfection of the operation site 
alcoholic solutions of chlorhexidme (0.5%) and iodine (1%) 
were found to be equally effective and superior to a number of 
other agents (Lowbury, Lilly, and Bull, 1960), but we did not 
include laurolinmm acetate, which was later reported by Verdon 
1 1961) to be more effective than nine other antiseptic prepara- 
tions, including 1 % iodine m alcohol ; nor did we examine the 
removal of spore-bearing organisms. In studies on the 
disinfection of hands we confirmed the cumulative effect of 
repeated use of hcxachlorophane detergent preparations, obtain- 
ing the best results with a liquid soap, and found some 
alternative methods which had comparable effects in reducing 
the hand flora and m preventing the emergence of bacteria 
through holes in rubber gloves (Lowbury and Lilly, 1960 ; 
Lowbury, Lilly, and Bull, 1963) ; we also assessed the value 
of ablution and disinfection in removal of transient flora 
(Lowbury, Lilly, and Bull, 1964). We did not examine the 
effects of varying the time of disinfection, of repeated treat- 
ments with antiseptics other than hcxachlorophane, of varying 
the medium in which the antiseptic was mixed and the method 
by which it was applied. 

Experiments to fill some of these gaps are described below. 
In the light of these and previous experiments the choice ot 
methods of skin disinfection suitable for various purposes in 
hospital and elsewhere are discussed. 


Comparison of Laurolinium with Other Methods for 
Disinfection of Operation or Injection Sites 

In the following experiment we compared the effectiveness 
of three preparations of laurolinium acetate (4-aminoquin- 
aldmium-l-lauryl acetate monohydrate), of an iodophor 
(povidoneiodine), and of 0.5% alcoholic chlorhexidine 
digluconate in the removal of bacteria from the skip. 


Materials and Methods 

Antiseptic Preparations . — The following preparations were 
tested . (1) providone-iodine (“ betadme ”) antiseptic solution , 
(2) chlorhexidine (“ hibitane ”) digluconate, 0 5%, in 70% ethyl 

* From the Medical Research Council Industrial Injuries and Bums 
Research Unit, Birmingham Accident Hospital, 


alcohol; (3) laurolinium acetate (“ laurodme ”), 5%, in 70% 
ethyl alcohol , (4) 5 % aqueous laurolinium acetate solution ; 
(5) laurolinium skin spray, an aerosol dispersed from a pressure 
pack containing laurolinium acetate (5% w/v) m industrial 
spirit (50 g ) with propellants (50 g ) , and (6) control 
treatment . no antiseptic preparation. 

Application of Antiseptics — Preparations 1, 2, 3, and 4 were 
applied with a gauze swab to the whole surface of both hands, 
and reapplied when necessary so that the skin was kept moist 
for approximately two minutes. In using laurolinium skin 
spray the whole surface of both hands was sprayed with the 
aerosol and kept moist for two minutes by repeated spraying. 

Testing the Antiseptic Ptcparatwns , — The effectivenss of skin 
disinfection was assessed by a method described in detail else- 
where (Lowbury et al , 1960). Viable counts of bacteria were 
obtained from standard hand-washings taken before and again 
after the application of the antiseptic. A Latm-squarc design 
was used for the experiment, each of the five preparations and 
a control treatment (rinsing briefly under a tap) being tested on 
each of six subjects , the six replicate testings were made on 
one day in alternate weeks to allow the skm flora to return to 
its normal level between tests. Both sampling fluid (Ringer's 
solution) and culture medium (pour-plates of nutrient agar) 
contained neutralizers — “ lubrol W” (1%), lecithin (0,5%), 
“tween 80” (1%), and sodium thiosulphate (1%) — and tests 
were made m each experiment for transfer of inhibitory amounts 
of antiseptic The effect of treatment was assessed by a com- 
parison of viable bacterial counts from the first and second 
samplings ; the bacterial counts were made after 48 hours’ 
incubation of the pour-plates at 37° C. 


Results 

The reduction in bacterial counts of hand-washings taken 
after various forms of treatment expressed as a percentage of 
the initial (pretreatment) counts is shown in Table I, and 
analysis of variance in the experiment is shown in Table II. 
There was a marginally significant variance due to differences 


Table II . — Disinfection of Operation Sue * Analysts of Variance 



Sum of 
Squares 

Degrees of 
Freedom 

Mean 

Square 

Significance 

Experiments 

1,640 

5 

328 

P < 0 05 > 0 01 

Persons . 
Treatment 

1.852 

5 

370 

P < 0 05 >0 01 

25,555 

5 

5,1U 

P<0 001 

Residual 

2,373 

20 

110 


Table I — Disinfection of Operation Site Reduction in Bacterial CotMts from Hand-washings Expressed as Percentage of Initial 

Count 
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uetween days and individuals, apparently caused by the large 
reduction m bacterial counts after the control treatment in one 
subject (J D ) In the comparison between different methods 
of treatment, chlorhexidine in alcohol, laurolinium m alcohol, 
and aqueous laurolinium were not significantly different from 
each other, but all were significantly better than povidone- 
iodine, laurolinium spray, and control treatment. Povidone- 
lodine and laurolinium spray were not significantly different 
from each other in their skin-disinfecting action, but both were 
significantly better than the control treatment. 

The mean reduction of skm flora by alcoholic chlorhexidine 
m this study (84 9%) was similar to that (81 3%) found m our 
previous study (Lowbury et al , 1960) , the mean reduction by 
alcoholic laurolinium was in the same range (84.4%), and 
aqueous laurolinium was found to be approximately as effective 
as alcoholic laurolinium (mean reduction of skm flora as 81.2%). 


Disinfection by Alcoholic Chlorhexidine after Repeated 
Ablutions with Hexachlorophane Detergent Cream 


Repeated ablution with hexachlorophane detergent cream or 
soap has been shown to cause a large progressive reduction in 
skm flora, but appreciable numbers of bacteria can usually be 
isolated from hand-washings even after two or three days’ con- 
sistent use of such agents— for example, Lowbury et al (1963). 
If pre-operative prepaiation with alcoholic chlorhexidine or 
laurolinium were shown to have as great a proportionate effect 
on skm treated repeatedly with hexachlorophane as on untreated 
skin, it should be possible to reduce the resident flora to a 
negligible level. The following experiment was made. 

Materials and Methods.— Nina subjects were provided with 
hexachlorophane detergent cream (" phisohex ”), with which 
they washed their hands m a standard manner for two minutes, 
four times on each of two successive days and once on the third 
day. Before and after the first ablution and again after the 
ninth ablution bacteriological samples were taken from the 
hands by a standard hand-washing technique in a bowl of sterile 
Ringer’s solution containing neutralizers, from which pour- 
plate cultures were inoculated (see Lowbury et al., 1963). After 
the third sampling the skin of both hands was disinfected, as 
for an operation, by application of chlorhexidine gluconate 
(0 5%) in 70% alcohol on a gauze swab, the skin being kept 
moist with the antiseptic for two minutes. It was then allowed 
to dry, and a further bacteriological sample was taken Tests 
for transfer of inhibitory concentrations of antiseptic to rinsing 
fluids and to culture plates were made by duplicate inoculation 
of a culture of Staphylococcus aureus on these media and on 
control media. 

Results —The individual and the mean percentage survival 
of bacteria after these forms of treatment are summarized in 
Table III. As m previous studies, the immediate effect of one 
application of the hexachlorophane preparation was negligible, 
but repeated use led to a large fall in bacterial counts. The 


Tabi.b III —F fleet of Repeated Disinfection of Hands with HexarWoro- 
phtme Determent Cream Followed by Treatment with Alcoholic 
Chloi hcMdinc Solution _ 



Percentage Survival of Skm Flora after 


* ** 


(3 ) No 2 followed 
by 2 Minutes’ 
Treatment u nh 
Alcoholic 
Chlorhexidine 

Subject 

(1 ) One 
Ablution vs Uh 
Fhiuohex 

<2.) 9 Abluuon# 
with 

Phutohoe 

A J, 

MW 

HI 

L°s ! ! ! 

AK 

V B 

<>2 4 

47 6 

65 0 

79 2 

70*4 

45 2 

21 2 

0 29 

0*05 

0*81 

040 

0 03 

0 85 

018 1 

0 063 

0 

0 030 

0 013 

0 

0 005 

0 

0 

OB. 

M F 

36*3 

HA 1 

0 69 

0 31 

0 015 

Mean . . . 

S D mean 

60*4 

B*9 

0 40 ; 

0 101 

0*014 

0 007 


further mean reduction in skin flora after the additional treat- 
ment with alcoholic chlorhexidine (96.5%) was no less than 
that obtained by disinfecting unprepared skin with chlorhexi- 
dine in alcohol (see Table I) : from four of the nine subjects m 
the experiment no bacteria were found in 10-ml. amounts of 
bacteriological hand-washings taken after the last treatment. 


Effect of Varying Time of Exposure to Skin Antiseptics 

Material and Methods. — Tests were made with the following 
agents (1) chlorhexidine gluconate (0.5%) m 70% alcohol 
(replicate tests on eight subjects) ; (2) chlorhexidine diacetate 
(0.5%) m water (replicate tests on eight subjects) ; (3) lauro- 
linium (5%) in 70% alcohol ; and (4) laurolinium (5%) m 
water (replicate tests on two subjects). Both hands were dis- 
infected by rinsing in 100 ml. of antiseptic solution , a standard 
procedure was used, including a constant number of strokes 
with palm to palm, palm over dorsum, and with fingers inter- 
laced. After 30 seconds, 60 seconds, 90 seconds, and 120 
seconds of this disinfecting procedure the bacterial flora of the 
hands was sampled by a standard hand-washing technique 
(Lowbury et al., 1963) in Ringer’s solution containing neutra- 
lizers , after each sampling the hands were rinsed under running 
water. Pour-plates were prepared from the hand-washings 
(with nutrient agar containing neutralizers), and viable counts 
were made after 42 hours’ incubation at 37*C. Tests for 
carry-over of antiseptics to sampling fluid and to culture 
medium were made In the tests with preparation 3 there was 
considerable inhibition of growth by transfer of antiseptic to 
culture medium, and no further study was made with this 
material. 

Results. — The results of tests with preparations 1 and 2 are 
shown m Table IV. In most of the tests the major part of the 
skm disinfection had been attained after 30 seconds* treatment, 
but longer treatment removed more organisms. Alcoholic 
chlorhexidine showed slightly but not significantly less activity 
than aqueous chlorhexidine in 30 seconds, but after longer 
intervals results were approximately the same with both agents, 
and none of the observed differences was significant. In a more 
limited experiment aqueous laurolinium showed slightly less 
activity than the chlorhexidine solutions at 30 seconds and at 
2 minutes. An unexpected finding was the larger reduc- 
tion in skin flora when the antiseptic solution was applied by 
the standard rinsing method than when it was applied, as on an 
operation site, with a gauze swab (see Lowbury et al., 1960, and 
above), or than when it was applied in a timed but 
unstandardized rinse (see Table VI). 


Table IV — Penad of Disinfection and Removal of Skin Flora 


Treatment 

Sub- 

jects 

Mean Percentage Reduction in Bactrrxal 
Counts of Hand Washings after Disinfection 
for 

30 Seconds 

60 Seconds 

90 Seconds 

120 Seconds 

Alcoholic chlorhexidine 
(0 5%) 

Aqueous chlorhexidine 
(0 5%) 

8 

8 

84 8 ± 12 3 

90*0 ±7 2 

95 l±6 5 

94 0 + 5*3 

97 8 ± 1*9 

95 7 + 3 9 

990+ 1*4 

982±X04 


Comparison of Antiseptic Rinses and Creams 

In previous experiments (Lowbury et al., 1963) we found that 
two antiseptics, chlorhexidine and “ hycoiin,” were ineffective 
m removing resident organisms when applied repeatedly in a 
cream to the dry skin ; experiments made with hycoiin liquid 
soap showed that this caused a significant reduction in skin 
flora. A further comparison of cream and aqueous solution as 
vehicles for antiseptics was therefore made. 

Materials and Methods. — The following preparations were 
studied: (1) chlorhexidine (1%) hand cream ; (2) a solution 
of chlorhexidine diacetate (0.5%) in water ; (3) a cream con- 
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tiling hexachlorophane (0.5%); (4) a cream containing no 
antiseptic ; and (5) control treatment — no antiseptic. In using 
tli. creams the hands were washed with ordinary bar soap and 
water, and dried on a sterile towel. A small amount (about 1 in. 
(2.5 cm.) from a tube) of the cream was rubbed thoroughly 
into the whole surface of both hands until they felt comfortably 
drv. Chlorhexidme solution was used for a 30-second rinsing 
Jree style) of both hands, followed by rinsing under a tap and 
drving on a sterile towel. Before each treatment and also m the 
controls the hands were washed briefly with ordinary bar soap 
and water. A Latm-square design was used for the experiment, 
fi\e subjects receiving each treatment. In each of the five 
replicates of the experiment the subjects’ hands were washed and 
sampled in the manner described elsewhere (Lowbury et al 
1963) for viable counts of skm flora on a Monday ; on Tuesday 
and^ again on Wednesday the hands were treated six times with 
the selected preparation , on Thursday a second sampling for 
\ lable skin flora was made. Experiments were made in alternate 
weeks to allow a restoration of normal skm flora between tests 
on the same individuals 

Results . — Table V shows the mean viable counts of bacteria 
from hand-washings and the analysis of variance of log counts 
m the experiment. The repeated rinses with chlorhexidme were 
\ery significantly effective, but the creams containing chlor- 
hexidme and hexachlorophane were not significantly more 
effective than the control cream or the untreated control. 


1'able V — Effect of Vehicle on Sktn Disinfection by Chlorhexidme and 
Hexachlorophane (Viable Count of Bacteria from 0 1 ml of Hand- 
washings) 




Preparations Used for Hand Treatment 



Day 

Chlor- 

hcxidme 

Cream 

Hexa- 

chlorophane 

Cream 

Chlor- 

hcxidine 

Rinse 

Control 

Cream 

Control 

Mean counts off 
5 experiments \ 

1 

163 

154 

475 

183 

195 

4 

164 

129 

5 

271 

319 


Analysts of Variance ( Log Counts ) 



Degrees of 
Freedom 

Sum of 
Squares 

Mean 

Squares 

Significance 

Experiment . 

4 

1-1815 

0 2954 

NS 

Person 

4 

0 7433 

0 1858 

Significant 

Treatment . . 

4 

18 3569 

4 5892 

Residual 

12 

2 2988 

0 1916 


Continued Action of Antiseptics after Ablution 

A hexachlorophane detergent ablution has been shown to 
have little immediate effect, but when rubber gloves are worn 
for an hour after a single ablution with such an agent the skin 
flora is shown to be considerably reduced (Lowbury et al., 
1963). This effect has been attributed to the persistence of 
residues of the slow-acting antiseptic on the skin (Fahlberg, 
Swan, and Seastone, 1948), 

The following experiment was made to determine whether 
povidone-iodine, which has a similar cumulative skm- 
disinfecting action to that of hexachlorophane (Lowbury et al., 
1963), owes this property to the continued action by residues of 
the antiseptic left on the skin after ablution. 

Method . — The viable counts of bacteria on the hands of 
six subjects were assessed by the method described previously 
(Lowbury et al , 1963) (a) before treatment, (6) immediately 
after a standard two minutes* hand-wash with povidone-iodine 
and water, and (c) (in a separate experiment) after wearmg 
rubber gloves for one hour after the ablution with povidone- 
iodine. 

Result. — The mean percentage reduction in bacterial counts 
of skin samples immediately after the treatment with povidone- 
iodine was 74.3 % ; after wearing gloves for one hour following 
treatment with povidone-iodine, the mean percentage reduction 
in bacterial counts compared with those obtained before treat- 


ment was 80 3%. No important further action by povidone- 
iodine on skm flora after the ablution could therefore be 
detected 


Effect of Single and of Repeated Rinses with Chlerhexidine 
Solution 

To test the possibility of cumulative or progressive skin 
disinfection by repeated rinses with chlorhexidme solution we 
made the following experiment. 

Materials and Methods — Four subjects were chosen for the 
experiment. After a quick “ social ” hand-wash the hands were 
sampled by a standard hand-washing test for viable counts of 
bacteria. The hands were then rinsed m an aqueous solution 
of chlorhexidme diacetate for 30 seconds (“free style ” rinsing), 
and sampled again for viable counts of bacteria. In the next 
two days the four subjects rinsed their hands 12 times (six times 
a day) in the same manner with chlorhexidme solution. On 
the morning after the last chlorhexidme rinse a third series of 
samples for viable counts was taken from the hands of the four 
subjects 

Results . — The percentage reduction of bacterial counts m this 
experiment is shown m Table VI. There was a large variance 


Table VI — Effect of Repeated Riming of Hands with Aqueous Chlor- 
hexidme Solution 


Subject 

Percentage Survival of Skin Flora (i.e , Viable Counts 
of Washings after Treatment as % Viable Counts before 
Treatment) 

After First Rinse with 
Chlorhexidme 

After 12th Rinse with 
Chlorhexidme 

PK. . . 1 

52 

1 7 

K P. 

66 1 

0 75 

A.f 

32-1 

4*0 

B D 

18 5 

0 47 

Mean 

30-5 ±13-1 

1 73 ±0 08 


in the residual flora after one treatment, but a consistent large 
further reduction m the mean viable counts of hand- washings 
to less than 2% of the initial mean counts after a series of 
treatments with chlorhexidme solution. 


Effect of Repeated Rinsing on Activity of Chlorhexidme 
Solution 

To assess the possible depletion of antiseptic activity from 
bowls of chlorhexidme solution used by nurses for hand-rinsing 
we made the following experiment. 

Method . — A bowl containing 2 litres of 0 5 % aqueous chlor- 
hexidine diacetate solution was used for rinsing the hands of 
laboratory staff. Before rinsing m the antiseptic solution the 
hands were washed with soap and water and rinsed under a 
running tap, but not dried. The minimal inhibitory concentra- 
tion of the rinsing water was tested with a strain of Staph 
aureus before use, after 15 rinses, and again after 30 rmses 

Result . — The rinsing fluid became turbid, but there was no 
reduction in its activity. No bacterial growth was obtained on 
subculture of the fluid to a large volume of medium containing 
neutralizers. 


Removal of Bacterial Spores from the Skin of Operation Sites 

Because of their resistance to most antiseptics, the spores of 
Clostridium tetani and other sporing pathogens are usually 
considered insusceptible to skin disinfection, and reliance is 
placed entirely on physical ablution with soap or detergent and 
water. Iodine is more active against spores than other anti- 
septics used for skin disinfection, but in the form of a tincture 
or an aqueous solution with potassium iodide it is too irritant to 
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be left moist on the skin for more than a very short period , 
in the complexes of iodine with solubilizers, known as lodophors 
— for example, povidone-iodine — iodine retains its bactericidal 
and sporicidal activity, but does not stain the skm, and is 
claimed to be free from sensitizing or irritant properties 
(Gershenfeld, 1957, 1962 ; Joress, 1962 , Davis, 1962). 

The following experiments were made to determine how 
much sporicidal action could be obtained by the application of 
povidone-iodine to the skin. 

Sporicidal Action of Povidone-iodine Applied to the Skin 

Materials and Methods . — A strain of Bacillus subtihs var 
globigii (BSG 63/1) was grown m nutrient broth at 37° C. 
After overnight incubation the culture was washed and resus- 
pended m sterile distilled water, and heated at 56° C. for one 
hour. Examination of a stained film of the suspension showed 
spores m 70 to 80% of the bacilli Viable counts of suspension 
heated at 56° C for one hour and at 80° C. for 10 minutes were 
approximately the same On measured circular areas of the skm 
of the forearm of volunteers, 0 02 ml. (1 drop) of the suspension 
of B subtilis var. globigii was moculatedl with a calibrated 
dropping-pipette and spread over the whole area with a wire 
loop When dry these areas were covered with compresses of 
lint soaked and kept moist with povidone-iodine antiseptic 
solution for periods of 15, 30, 60, 90, and 120 minutes Control 
areas of skm were covered with compresses soaked and kept wet 
with distilled water. From these areas samples were taken for 
viable counts by rubbing in a standard way for 15 seconds with 
a glass spreader under 5 ml of sterile Ringer’s solution con- 
taining neutralizers (including sodium thiosulphate), the solu- 
tion being kept m place by a truncated glass cylinder (Story, 
1952 ; Lowbury et al , 1960) 

Results — Povidone-iodme compresses were found to reduce 
the numbers of viable spormg bacilli on the skm by 99 85% in 
60 minutes (Table VII) , the absence of any such reduction after 
application of water compresses showed that this effect was due 
almost entirely to the action of the antiseptic, not to mechanical 
removal by the compress. 


Table VII . — Removal of D subtilis var globigii Spores from Skm by 
Povidone-iodine (P,V1 ) 


Minutes 

of 

Viable Counts of B 
of Initial Washing* 

subtihs in \R ashings from Skm as % Counts 
taken when no Compress had been Applied 

to P V.I . 

Experiment 1 

Experiment 2 Expen- 

Expert- 

Compresses 

P V I Control 

PVI Control (P.V.I.) 

(PVI) 

15 

0 26 30 

1 13 68 0 60 

1 56 

30 

0 15 40 

0 47 76 0 47 

2 17 

60 

0 05 — 

0 32 — 0 33 

1 17 

90 

0 06 — 

0 21 — 0 15 

0 42 

120 

005 — 

0 02 — 0 13 

0 14 


Comparison of Sporicidal Action by Povidone-iodine on 
B. Subtilis Var* Globigii and on Cl. Welchii 

To assess the probable usefulness of povidone-iodine in 
removing a pathogenic spormg organism we compared the 
survival of B. subtihs var. globigii , our test organism in the 
study on skin disinfection, with a sporing culture of Cl. welchn 
(63/2). 

Materials and Methods . — A broth culture of B subtihs var. 
globigii and a sporing culture of Cl. welchn, produced by 
growing a strain of the organism in Ellner’s (1956) medium, 
were washed and resuspended in distilled water. On micro- 
scopical examination, approximately 70 to 80% of the B. 
subtilis var. globigii and 80% of the Cl. welchii cells contained 
spores. Viable counts of the suspensions were made by the 
method of Miles, Misra, and Irwin (1938) on the untreated 
suspensions, and on mixtures of 0.1 ml. of the bacterial suspen- 
sion with 5 ml. of povidone-iodme antiseptic solution which 


had been allowed to stand, after mixing , for periods from 5 t > 
150 minutes. 

Results . — Table VIII shows that the spores of Cl. welchn 
were at least as sensitive to the killing action of the iodophor a 
those of B. subtihs var. globigii. Neither strain showed an 
evidence of a sporicidal effect after five minutes* exposure ti. 
the antiseptic, but after 15 minutes the counts of both organism 
were reduced to less than 0.1% 

Table VIII — Survival of Spores of Cl welchn and of B subtilts var 
globigii in Presence of Povidone-iodme 

_ „ Viable Counts per ml of Spore Suspensions after Exposure 

Tune of Exposure to Povidone-iodme 

(Minutes) 

Cl toelchu B subtihs var globigii 

0~ 4,800,000 3,600,000 

5 3,800,000 3,700,000 

15 1,000 3.100 

30 57 2,200 

60 38 480 

90 29 23 

120 18 5 


Discussion 

The experiments described above are relevant both to sur- 
geons’ and nurses’ hands and to the patient’s operation site. In 
the comparison of alternative methods for disinfecting the opera- 
tion site, for example, it was shown that alcoholic chlorhexidme, 
alcoholic laurohnium, and aqueous laurolinium were of approxi- 
mately equal value, but a laurolinium spray was less effective. 
This confirmed the view that rubbing an antiseptic on to the 
skm enhances its value (cf. Price, 1957). The same conclusion is 
suggested by the finding that chlorhexidme in alcohol applied 
on a swab (see Table I , also Lowbury et al., 1960) caused a 
smaller reduction of the skin flora than rinsing the hands with 
a standard procedure of rubbing palm to palm, palm over 
dorsum, and with fingers interlaced (see Table IV). The 
precise technique of rinsing also appears to affect the results, as 
shown m the greater reduction of skin flora by aqueous chlor- 
hexidme solution when the hands were rinsed for 30 seconds in 
a standard manner described above than when they were rinsed 
for the same time but m a random manner (see Table VI). 

Practical periods of disinfection vary with clinical circum- 
stances ; for example, periods of disinfection shorter than two 
minutes are usual before injection or venepuncture, and our 
study on the relation of disinfectmg-time to removal of skm 
flora showed that treatment with alcoholic chlorhexidme or 
laurolinium for 30 seconds was slightly less effective than 
for two minutes. The difference between the effects of treat- 
ment m shorter or longer periods of application was smaller 
with aqueous chlorhexidme, which had almost as good an effect 
at 30 seconds as it had at two minutes. In an earlier experiment 
the effect of three successive two-minute rinses with 70% 
alcohol was studied (Lowbury et al., 1960) ; the second rinse 
caused an appreciable further reduction in hand flora, but the 
third treatment caused little or no reduction beyond that reached 
m the second rinse. It would seem from these studies that all 
the accessible organisms are removed in a fairly short period of 
disinfection. The cumulative effects of repeated disinfection at 
longer intervals with hexachlorophane soap or chlorhexidme 
rinses, or (still better) with a combination of these methods, 
suggests that some of the resident organisms which are 
inaccessible immediately after skin disinfection become 
accessible to antiseptics after a while, and before the flora has 
had a chance to proliferate to its previous level. 

The cumulative action of povidone-iodine surgical scrub 
(Lowbury et al., 1963) and of rinsing with chlorhexidme (as 
described above) shows that this is not a peculiar property of 
hexachlorophane, and in the former examples it is not depen- 
dent on the attachment of antiseptic to the skin (with action 
continuing after the hands are rinsed and dried). The peculiar 
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'ature of hexachlorophane is a slow disinfecting action , 
■nsmg the hands in alcohol or in an alcoholic solution of 
•llorhexidine immediately after ablution — for example, to 
chieve the maximum disinfecting action described above — 
ould remove the hexachlorophane before it had a chance to 
xert any disinfecting action, and its regular use in this way 
ould invalidate the use of hexachlorophane ; but the same 
objection cannot be raised against repeated use of alcoholic 
elutions after the use of providone-iodme or chlorhexidine 
-elution, since these agents achieve their full disinfecting action 
t the time of application. 

Spores of Cl tetani, Cl zoclchii , and other pathogens are 
’•datively insensitive to most antiseptics, and reliance is usually 
placed on repeated ablution with detergents to remove these 
transient organisms from operation sites. This is difficult to 
ichieve in horny skin with much ingrained dirt. Of the anti- 
septics used for skin disinfection, iodine has a fairly good 
sponcidal effect in vitro, but its action is too slow to be of much 
use in the routine two minutes’ pre-operative skin disinfection, 
and longer application of the tincture or of Lugol’s solution is 
irritant and potentially toxic. The lodophors, however, can be 
applied for long periods, leaving no stain and apparently 
causing no irritation. Our tests showed that the application of 
an lodophor (povidone-iodine) to skin contaminated with a 
suspension of B. subtilis var. globigii spores led to the removal 
by disinfectant action of a large proportion of these organisms. 

In these studies we have distinguished resident from transient 
organisms as those which are more difficult to remove by 
ablution or disinfection. Staph, aureus sometimes answers to 
this description. Hare and Ridley (1958) have shown that 
Staph, aureus can multiply on the skin of the perineal area, but 
it is uncertain to what extent this can occur on the hands. 
Colonization of the skm by Staph, aureus is surprising m the 
light of experiments which showed that these organisms are 
killed by unsaturated fatty acids of the skin (Ricketts, Squire, 
and Topley, 1951). It is possible that individuals vary in 
respect of the amount of unsaturated fatty acid produced by the 
skm, or in the presence of factors that inactivate this self- 
dismfecting mehanism , these variations may be associated with 
differences m the ability of the skin to become colonized by 
Staph, aureus 

i 

Choice of Methods 

From the studies reported here and in our previous papers 
it is possible to draw some tentative conclusions about the types 
of skin disinfection appropriate for different purposes. 

1. Operation Sites . — When it is necessary to obtain maximum 
skm disinfection in a single application, as before an emergency 
operation, chlorhexidine (0.5%), iodme (1%), or laurolimum 
(5%) in 70% ethyl alcohol applied for two minutes have about 
the same activity , laurolinium has rather a high toxic action on 
skin cells in tissue culture (J C Lawrence, personal communi- 
cation, 1963) and iodine is known to cause sensitization m some 
individuals, so alcoholic chlorhexidine is probably a good 
choice. For shorter periods of disinfection — for example, 30 
seconds — aqueous chlorhexidine diacetate (0 5%) seems at least 
as good as the alcoholic solution. Antiseptics should be rubbed 
m with gauze, not sprayed on. 

In " cold ” surgery, and particularly when a very high degree 
of asepsis is required, the cumulative effect of antiseptics applied 
repeatedly over a period of two to three days is desirable — for 
example, ablution with hexachlorophane liquid soap or 
povidone-iodine surgical scrub, three or four times a day for 
two days— followed by a full pre-operative disinfection with 
alcoholic chlorhexidine. When the skin contains ingrained soil 
or road dirt, a compress of povidone-iodine antiseptic solution 
can be expected to kill a large proportion of the spores of 
tetanus and gas-gangrene bacilli ; repeated ablution, followed 
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by the application of a compress of povidone-iodine for about 
30 minutes is a desirable procedure in the removal of spores 
from the skin of such patients when operation can be delayed 
for two or three days. 

Before injection or venepuncture 70% alcohol is generalh 
considered acceptable, but a better disinfection can probabh 
be obtained with chlorhexidine or laurolinium solutions (either 
alcoholic or aqueous) , since the time of disinfection is unlikeh 
to exceed 30 seconds, an aqueous solution is possibly better than 
an alcoholic solution 

2. Hands . — The resident flora of surgeons’ and nurses* hands 
can be maintained at a lowi level by repeated use — for example, 
six times a day — of a liquia soap or a detergent cream contain- 
ing hexacholorophane, or with povidone-iodine surgical scrub 
Regular rinsing with aqueous chlorhexidine solution has a 
similar cumulative effect. 

Where the control of cross-infection with Gram-negative 
bacilli is important — for example, m infants’ wards during out- 
breaks of gastroenteritis, or in burns wards — an antiseptic that 
is active against these organisms is recommended — for example, 
rinsing with chlorhexidine solution — but the removal of 
desquamated epithelium by thorough physical ablution is prob- 
ably the most important part of the discipline for removal of 
such transient organisms as pseudomonas, eschenchia, and 
salmonella. 


Summary 

In a comparison of five methods for disinfecting the operation 
site, approximately the same reduction in resident skm flora 
(8 1— 85%) was obtained by two minutes* application of chlor- 
hexidine digluconate (0 5%) m 70% alcohol, and of aqueous or 
alcoholic solutions of laurolinium acetate (5%). Treating the 
skin for two minutes with an aerosol of laurolinum acetate or 
with povidone-iodme antiseptic solution was less effective. 

Hands which had been cleared of a large proportion of the 
skm flora by repeated washing with a hexachlorophane deter- 
gent cream showed a further mean reduction of 96.5% after 
two minutes’ application of alcoholic chlorhexidine (0.5%) ; 
after this double treatment four out of nine subjects showed no 
detectable bacteria in washings of the skm, and the mean 
estimated reduction in skm flora was 99.98%. 

A comparison of different times for rinsing the hands with 
antiseptics showed nearly as large a reduction of flora after 30 
seconds’ as after two minutes’ treatment. 

Antiseptic rinsing with a standard number of strokes to cover 
all surfaces of the hands was more effective than a free-style 
method of rinsing. 

The application of creams containmg hexachlorophane 
(0.5%) and chlorhexidine (1%) repeatedly to the dry hands did 
not lead to any reduction of the skm flora 

Repeated rinses with aqueous chlorhexidine diacetate solution 
(0.5%) caused a progressive reduction in the skm flora; the 
mean percentage of surviving bacteria on the skin after a single 
rinse was 30 5% but after 12 rinses it was 1.73%. 

In contrast with hexachlorophane preparations, which have 
no immediate effect but act slowly on the skm after the hands 
have been dried, povidone-iodine was shown to have virtually 
all its disinfecting action at the time of application. 

Sporing bacilli (B. subtilis var. globigii) were removed from 
the skin by a compress of povidone-iodine antiseptic solution , 
when the compress was kept moist for 15 minutes a mean 
reduction of 99.1% of sporing bacilli was obtained. 

The choice of antiseptic preparations for disinfection of 
hands and operation or injection sites is discussed. 


We are grateful to Mr M D. Wilkins for valuable technical 
assistance ; to the staff of the M.R.C Unit for their co-operation , 
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co Berk Pharmaceuticals Ltd for supplies of povidone-iodine ; and 
r o Messrs Allen & Hanburys for supplies of laurolinium acetate 
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Editor’s Comments on Papers 28 and 29 


28 Walter and Foris: Antibacterial Residuals on Inanimate Surfaces 

29 Crisley and Foter: The Use of Antimicrobial Soaps and Detergents for Hand Washing in Food 
Service Establishments 


These two articles show the effects of antimicrobial agents on inanimate as well 
as animate surfaces. Since more potent chemical agents can be employed in the former 
than in the latter case, it may be virtually impossible to achieve chemical sterilization 
on the skin. A number of chemical agents have been evaluated by Crisley and Foter, 
and in their article here they present the use of hand sanitation in the prevention 
of transmission of pathogenic microorganisms. 
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A technique tor evaluating the activity oi 


* 

Antibacterial Residuals on Inanimate Surfaces 

A relatively simple technique for obtaining 
uniformly contaminated surfaces to compare T) C 

efficacy ef some antibacterial residuals. ^ ^ 


HE incidence oi staphylo- 
coccal infections m hos- 
pitals and other institu- 
tions during the past decade has 
resulted m renewed emphasis on 
environmental sanitation Anti- 
bacterial claims on several product 
labels have been extended into 
the area of residual activity. These 
claims imply that the residual 
chemical remaining on a surface 
following treatment exerts bacteri- 
cidal action against organisms com- 
ing into contact with the surface 
under normal environmental con- 
ditions of temperature and rela- 
tive humidity. 

There are a number of pub- 
lications dealing with the residual 
activity of surfaces, the majority 
of which concerns fabrics (1-6) . It 
is interesting to note that many 
propose a technique utilizing a wet 
inoculum It is also interesting to 
note that several publications make 
mention of no antibacterial activ- 
ity of fabrics, such as blankets, 
when in actual use, implying in- 
activity with dry microorgan- 
isms (4, 5) , There are relatively 
fewer publications dealing directly 
with hard surfaces and residual ac- 
tivity. Dunklin and Lester demon- 
strated the important role of rela- 
tive humidity and presented evi- 
dence which suggested that such 
claims might be possible for hard 
surfaces (7-9) . Other than Dunk- 
lin's work and that of Hoff- 
man (10) , who dealt primarily with 

♦Paper presented by Dr. Walter during 
49th annual meeting, Chemical Specialties 
Manufacturers Association, Washington, D. C , 
Dec. 4, 1962, 


C 6. Walter and S. Foris 

Givaudan Corporation, 
Delawanna, N. J 

sporicidal coatings, very little di- 
rect experimental evidence is avail- 
able to justify the self-disinfection 
claims of chemical residuals. There 
are a variety of inanimate surfaces 
for which residual claims would 
be beneficial if they could be sub- 
stantiated, particularly in view of 
the work by Rubbo, who demon- 
strated the rapid spread of a 
marked Staphylococcus from a dry 
fabric (11) . 

The purpose of this investi- 
gation has been to develop a tech- 
nique which would simulate dust- 
borne Staphylococci falling upon 
surfaces and to evaluate residual 
activity against dry bacterial cells 
It has been presumed that criteria 
for a satisfactory technique should 
include at least the following 
points. (1) dry bacterial cells on 
a dry surface, (2) an adequate 
number of uniformly inoculated 
replicate test surfaces within a 
given experiment, (3) complete re- 
moval of bacterial cells from the 
surface for the enumeration of sur- 
vivors and (4) ease of inoculation 
regardless of the type of surface, 
be it hard surfaces or a fabric. 

Experimental 

The technique of inocula- 
tion consisted of dispersing a dried 
U.S.P. Talc- S. aweus powder into 
the top of an 11 foot, 20 inch di- 
ameter, cylindrical tower via an air 
line connected to a filter flask con- 
taining dry powder. The fallout 
was collected at the base of the 
tower on the surfaces containing 
chemical residual The time of 


powder spray and fall-out collec- 
tion may be adjusted to suit the 
type of experiment. The base of 
the tower contained a tray-template 
unit which permitted the time of 
collection to be constant. The 
aerosolized “dust" was allowed to 
equilibrate for one minute to per- 
mit rapid settling of larger parti- 
cles and to allow quiescence of the 
air currents within the tower. A 
sliding shield was then removed 
from the tray unit to permit col- 
lection of the dust onto the test 
surfaces and again inserted into the 
tray unit at the end of 10 minutes 
to prevent further fall-out. The 
entire tray assembly, containing 
54 uniformly inoculated surfaces. 

Fig, L Base of tower assembly with 
tray-template unit containing samples. 
(A) sliding shield (B) template (C) tray 
opening into base oi tower (D) ultra- 
violet tubes (E) 9 foot cylindrical tower. 
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was then withdrawn from the base 
and the samples were removed 
aseptically to humidity chambers. 
Humidity chambers consisted of 
tightly closed plastic boxes (7"x- 
10"x4") fitted with a mesh 
stainless steel screen to hold the 
test surfaces Each humidity cham- 
ber contained 100 ml. of saturated 
aqueous salt solution to give the 
desired humidity (12) . Saturated 
calcium chloride and ammonium 
sulfate were used to give humidi- 
ties of 30% and 80%, respectively 

Preliminary attempts at ob- 
taining dry inoculum with house- 
hold dust were unsuccessful; after 
drying liquid inoculated house- 
dust, we were unable to reproduce 
a dust fine enough for aerosol iza- 
tion. A finely dispersible powder 
was formed by the addition of 
US.P. Talc to a 10 ml. 24 hour 
A.O.A C. broth culture of Staphyl- 
ococcus aureus A T C.C 6538. The 
resultant paste was ground after 
having been dried overnight at 
35 °C in an air incubator. Excel- 
lent viability of the test organism 
was observed after aerosolization 
of the dry powder, therefore no 
further attempt to use household 
dust was made. It was presumed 
that this preparation would repre- 
sent dry S. aureus cells on a dry 
carrier simulating dust-borne oi- 
ganisms. 

The area of inoculation was 
held constant by a metal template 
under which the test surfaces were 
fixed in place. It was found neces- 
sary to position the surface firmly, 
particularly glass which tended to 
slide, by means of wingnut bolts 
that secured the template to the 
tray bottom. The test surfaces, 
sandwiched between the tray bot- 
tom and the template, were thus 
securely held in place. 

The interior and exterior 
areas adjacent to the tray opening 
were surrounded by 15-watt ultra- 
violet tubes to minimize airborne 
contamination of the laboratory 
Surprisingly enough, liquid im- 
pinger air samplers demonstrated 
that the laboratory air was of 
relatively low count during the 
operation of the unit; small num- 


Table I. Survival of S. aureus on glass surface treated with the 
use-dilution of four different phenolic disinfectants. 


Bacterial Count per ml Rinse Solution 
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•untreated control 


bers of Staphylococci, however, 
were recovered from the air of the 
laboratory which indicate the 
equipment was not as safe as would 
be desired. 

Bacterial counts of the sur- 
faces were determined by hand 
shaking the test surface in a wide 
mouth, two ounce, screw cap, glass 
jar containing 20 ml. of antidote 
rinse solution. Antidote solution 
consisted of an aqueous solution 
of 0 5% “Tween" 80 and 0.07% 
lecithin. Counts of the rinse solu- 
tion were determined employing 
an Astell Roll Tube apparatus* 
and dextrose tryptone extract agar. 

For the evaluation of the resi- 
dual effect of a given material on 
dry cells, surfaces were first irradi- 
ated with ultraviolet light and 
then treated with 0.04 ml/inch 2 of 
the use-dilution of the product as 
suggested by Klarmann (13) The 
disinfectant was allowed to diy 
thoroughly overnight; then the sur- 
faces were inoculated by the afore- 
mentioned technique. 

•Consolidated Laboratories, Inc , Chicago, 
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In order to remove com- 
pletely dust adhering to the sur- 
faces, it was found necessary to em- 
ploy approximately 20, five mm 
glass beads m the rinse solution 
This effect was determined by com- 
paring the counts Irom haul sui- 
laces with those from specially pre- 
paiecl glass surfaces. These special- 
ly prepaiecl glass surfaces contained 
a polyvinylpyi rohdone coating 
which dissolved readily when plac- 
ed into nnse solution, thereby re- 
leasing the adhering dust film Re- 
covery tests using glass beads, con- 
sistently demonstrated no signific- 
ant chlleience in mean counts be- 
tween the coated glass sui laces and 
a number ol hard surfaces and 
fabrics. 

Results 

The residual eftect of four 
phenolic disinfectants applied at 
a dilution 20 times the label phenol 
coefficient, the use-dilution, may 
be seen in Table I A marked bac- 
tericidal action was observed at 
80% relative humidity (R.H ), this 
greatly diminished when the suc- 


Table II. Survival of dry S. aureus on surfaces previously treated 
with the use-dilution of a phenolic disinfectant. 


Bacterial Count per ml Rmse Solution 
O hr. 6 hr. — 80% R.H. — 25° C. 

Treated Untreated Treated 
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Rubber tile 
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Stainless steel 

4850 

5200 

5025 

5080 

5680 

5355 

113 

99 

106 

Plastic tile 
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84 
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46 

35 

40 
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Table UX. The effect of relative humidity cud type of surface on the 
residual antibacterial activity of the use-dilution of a 
phenolic disinfectant. 


30% Relative Humidity 80% Relative Humidity 

Glass Vinyl Asbestos Glass Vinyl Asbestos 

Treated Control Treated Control Treated Control Treated Control 
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differing humidity conditions at 
room temperature. The viability 
of the test organism at eithei of 
the humidities over the 24 houi 
period may be noted by column A 
which is the untreated contiol 
glass surface. 

That the natuie of the sui- 
face may be a significant lactoi in 
establishing residual claims ma> 
be seen in Table II It may be 
noted that the surfaces tieated 


more detailed comparison with 
glass. The effect of humidity and 
the nature of the surface may be 
seen m Table III in which only 
the glass surface demonstrated a 
significant bactericidal action. Re- 
peated applications of the use- 
dilution of the phenolic disinfec- 
tant to vinyl asbestos tile were of 
little value as may be seen in Table 
IV. Up to four applications of the 
disinfectant were without residual 


with the use-dil u turn of column E effect Bactenostasis was encoun- 
ol Table I, which exhibit leason- teied with eight applications and 


Table IV. Repeated applications of the use-dilu- 
tion of a phenolic disinfectant on vinyl asbestos 
tile and subsequent residual activity against S. 
aureus after 6 hrs. at room temperature. 

Bacterial Count per ml Rinse Solution 





Number of Applications 
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was detected by the addition of 
known numbers of cells to rinse so- 
lution containing an equivalent 
level of disinfectant rinsed from 
the treated surface. Bacteriostatic 
effects would necessarily invalidate 
the counts as representing sur- 
vivors of the residual treatment. 


Suxnihary 

In conclusion, we have at- 
tempted to develop a relatively 
simple technique of obtaining uni- 
formly contaminated surfaces in 
order that comparisons for deter- 
mining the efficacy of certain anti- 
bacterial residuals might be made. 
The data presented were shown 
to illustrate that any lesidual 
claims must take into considera- 
tion not only relative humidity 
but also the nature of the suiface 
itself as both of these factors are 
critical In view of the relative 
inactivity at low humidity and 
inactivity at high humidity with 
certain types of surfaces, one 
should carefully examine claims 
which imply activity against dust- 
borne microorganisms which fall 
upon dry surfaces. 
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Considerable interest has been generated in the 
use of the newer formulations that contain skin san- 
itizing agents for hand washing in food processing 
and service establishments In some areas of the 
country, the degerming agents have been suggested 
so often by public health officials that the use of 
antimicrobial soaps has approached the status of a 
recommendation. It is the purpose of this paper to 
briefly review this situation and some of the prob- 
lems involved in choosing between some of the most 
common chemical agents that have been suggested 
for this purpose. 

Sanitization of the skin mvolves a limiting surface 
that Lane and Blank (22) have described generally 
as a continuous, relatively smooth layer of dead, 
flattened, keratinized cells made somewhat irregu- 
lar by various ridges and furrows, by orifices of sweat 
glands, and by hair follicles and outgrowths of hair. 
The cutaneous glands secrete a film over these cells, 
and this film constitutes the absolute limiting bound- 
ary between man and his environment. In this film 
are included salt, urea, and other substances left 
behind by evaporation of sweat; sebum, which covers 
all areas except the palms and soles; and a uniform 
layer of fat. The cells contain proteins, lipids, and 
water. The protein is largely keratin, which is in- 
soluble in weak acids, weak alkalies, and salt solu- 
tions. If the outer layers of the cells of the epidermis 
are brought into equilibrium with a solution that 
has a pH to either side of pH 3.70, the isoelectric 
point of keratin, swelling of the cells will occur. The 
skin reacts more strongly to alkalies than to acids. 
Numerous measurements have shown the pH of the 
skin to range from 3 5 to 7.0. 

Although the relative amounts and kinds of the 
substances of the skin may vary among individuals 
and from time to time in each individual (as a result 
of changes in physiological conditions), the structure 
and composition of the skin generally provide a good 
environment for bacterial growth. Foci for the estab- 
lishment of bacterial flora exist in hair follicles, the 


‘The contents of this paper are derived from the available 
literature and the opinions of the authors and should not be 
construed to represent the views of the Public Health Service 
‘Present address: Division of Environmental Engineering and 
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sweat and subaceous glands, and the numerous ridges 
and furrows. Price (29) has classified the bacteria 
found on the human skin into two groups, the tran- 
sient and the resident. The transient* types are ac- 
quired by contact with other persons or objects m 
the environment. The resident flora comprise or- 
ganisms that have established themselves and live 
in dynamic balance as parasites or saprophytes in the 
skin. 

From the standpoint of sanitation in the food estab- 
lishment, the ideal situation would be sterilization 
of the skin on the hands of food handlers; however, 
it is generally agreed that it is impossible to render 
skin sterile without destroying it. Transient bacteria 
are readily removed with ordinary soap and water. 
The resident organisms, however, are more difficult 
to remove; and scrubbing in hand-washing procedures 
is a recognition of this fact. In many persons, staphy- 
lococci make up a significant part of the resident 
flora. Because of the pathogenicity of some staphy- 
lococci and their ability to produce enterotoxin, major 
stress has been placed on the destruction, removal, 
and control of these organisms by hand-washing pro- 
cedures. Although there is a paucity of reports on 
the efficacy of germicidal agents for hand washing 
in food service establishments, much valuable infor- 
mation can be gleaned from the voluminous literature 
on preoperative or surgical procedures and, to a 
lesser degree, from studies of the control of bacteria 
that produce body odor. 

Even if surface bacteria are removed, the bac- 
terial population is easily re-established by the 
emergence of resident organisms from the deeper 
structures and the addition of transient types acquired 
by continual contact with objects in the external 
environment. Price (29) has shown that under normal 
conditions the skin flora is fully re-established within 
a week after degerming of the skin. For this reason, 
the advantages of the deposition of a germicidal 
residue on die skin after hand washing to exert a 
continuous antibacterial action on the emerging or- 
ganisms has been studied. The reliability of data 
on the efficacy of chemical agents known to be 
strongly retained on the skin surface is questionable 
when one moves from the study of operating-room 
hand-washing procedures (in which most of the 
rigorous testing has been done), through the simple 
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control of body odor, to the hands of the food 
handler. Optimum control of skin bacteria by anti- 
bacterial agents in soaps and hand-washing deter- 
gents may depend on continuous use of the anti- 
bacterial preparation at work and at home, since 
washing with ordinary soap might tend to remove 
residual antibacterial agents quickly. Also, the food 
handler must usually wash utensils in strong cleansing 
detergents at least intermittently during the day, 
which causes swelling of the epidermal layer and 
disruption of the film of active agent deposited by 
germicidal soaps. To add to these factors, many of 
die germicidal agents presently m use are soluble m 
soap fats and fat solvents, and much of the germicide 
could be lost from the hands by contact with animal 
and vegetable oils in foods such as salads, meats, etc. 
Since optimal reduction of skin bacteria by some 
antibacterial agents has been reported to be based 
upon continuous use of the agent for as long as 7 
days, these limitations must be considered when 
such agents are proposed for food-handling oper- 
ations. 

Another factor that has not been adequately con- 
sidered is the ability of certain transient organisms 
to change their status and become more or less 
permanent residents. Price (29) has given the term 
"colonization' to this mechanism. While many tran- 
sient types tend to disappear spontaneously from the 
skin, apparently because the conditions are not suit- 
ed to their survival or colonization, Price (29) has 
reported that colon bacilli placed on the hands do 
not so disappear. He found that prolonged presence 
of unusual contaminants from wounds, such as Sta- 
phylococcus aureus, streptococci, Escherichia coli, 
Bacillus pyocyaneous ( Pseudomonas aeruginosa ), re- 
sulted in their colonization on the hands as part of 
the resident flora. Price (29) also noted the appear- 
ance and persistence for over a year of a nonpatho- 
genic Trichophyton on the skin of his hands and 
arms, although this organism had not been encoun- 
tered previously and was not present in the air of 
the laboratory. To what extent the colonization 
mechanism may operate m food handlers exposed 
to salmonellae in poultry, or to bacteria in abscesses 
or other pockets of infection in meat carcasses, has 
not been adequately studied, to the authors knowl- 
edge; this perhaps should be considered in the choice 
of antibacterial hand-washing compounds. 

The degree to which mechanical cleansing alone 
is responsible for removal of skin bacteria is im- 
portant (29) in the consideration of hand-washing 
procedures and provides a standard by which the 
degerming efficiency of antibacterial hand-washing 
agents can be measured. Price (29) concluded that 
the amount of friction produced at the skin surface 
by scrubbing appeared to be the most important 


variable factor m dislodging the resident flora. More 
firmly imbedded than the transient bacteria that are 
only lightly attached to the skin by extraneous grease 
or oils, the resident organisms cannot be removed by 
soap and water or simple rinsing without the use of 
friction. Price (29) showed that rubbing the hands 
together was more effective than rinsing, but less 
effective than scrubbing with a soft brush. A soft 
brush was less efficient than a stiff one. Brushing 
the skin without soap reduced the resident flora more 
rapidly than when soap was used, because soap served 
as a fnction-reducing lubricant for brush bristles. 
Soap, however, increased the efficiency of removal 
of grease, dirt, and transient bacteria. Price (29) also 
found brushing with soap in hard water to be more 
effective than in soft water for removing the basic 
flora, because hard water precipitated the soap. This 
finding naturally leads to the possibility that modem 
detergents, which are not so readily precipitated by 
hard water, may interfere somewhat with the me- 
chanical cleansing process. 

An understanding of these complexities of skin 
sanitation is needed before an attempt can be made 
to discuss some of the major types of antibacterial 
agents that are presently being considered for hand 
soaps and detergents in food service establishments. 
Many of the same agents have been proposed for 
use m lotions or creams. This type of application 
may be objectionable because of the possibility that 
the resident bacteria can multiply in the deeper skin 
layers beneath the preparation (24) and also because 
of the enhanced possibilities for introduction of the 
agent into foods. 

The Bisphenols 

Essentially diphenols, the bisphenols are compounds 
that contain two hydroxyl (OH) groups, only one 
of which is neutralized by alkalies in soaps and de- 
tergents The second hydroxyl group on the mole- 
cule remains free and is completely active against 
bacteria. In this characteristic the * bisphenols are 
superior to the older phenolics, in which the single 
hydroxyl groups are easily inactivated by soaps. Of 
the many bisphenols that have been synthesized, two 
are most commonly associated with hand soaps. They 
are hexachlorophene and bithionol. Both are bac- 
teriostatic agents that act by inhibiting the growth 
of bacteria rather than by killing the organisms. 

Hexachlorophene (also known as G-ll, AT-7, 
Gamophen, Hexosan, Exofine, Phisohex, Surgicen, 
and Surofene 3 is 2, 2'— Dihydroxy— 3, 3', 5, 5', 6, 
6— hexachlorodiphenylmethane or bis— (3, 5, 6— tri- 
chloro-2-hydroxyphenyl) methane (26). It is usually 
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employed in a concentration of 1 to 3% in liquid or 
solid soaps, lotions, or emulsions (26). Some skin 
sensitivity reactions have been known to occur in 
some individuals (26). 

Reduction of skin bacteria has been reported to 
be considerably greater by hexachlorophene soaps 
than by ordinary soap (14, 24). No significant re- 
duction occurs immediately after application of the 
agent (14, 24); and, when used as a single scrub, 
hexachlorophene soaps are not much more effective 
than ordinary soaps (5, 19, 31). Routme use for 5 
to 10 days, however, has been reported (2, 4) to re- 
sult in a reduction of bacteria as high as 85 to 95% 
from the original numbers. Only 4% of the food 
handlers regularly washing with hexachlorophene 
formulation for a period of over a year harbored 
coagulase-positive staphylococci, as opposed to a 
16% coagulase-positive rate among woikers using 
hexachlorophene-fiee soap (7) These findings may 
indicate that some residual antibacterial effect may 
be present even on individuals who use regular soap 
away from work. Shemano and Nickerson (33), using 
hexachlorophene labelled with C-14, found that some 
of the agent remained on the skin for a considerable 
time, although some was lost, especially during the 
first day, by washing with ordinary soap and water. 
Whether residual agent that remains adsorbed to 
the skin is as fully active agamst bacteria as free 
hexachlorophene is not clear. Some loss of the agent 
by washing with ordinary soaps between hexachloro- 
phene ablutions is commonly accepted (16). 

Following degerming with hexachlorophene and 
the attainment of a low bacterial level, the normal 
count returns about 7 days after the use of the agent 
is stopped. This delay, however, may not be solely 
due to a residual adsorbed on the skin, since re- 
generation times of 1 to 7 days occur after disinfection 
by other means (29), depending on the thoroughness 
of treatment. 

The activity of hexachlorophene is greatly reduced 
by organic matter such as body fluids, pus, serum, 
albumin, milk, etc., and non-ionic detergents and 
emulsifying agents (31). Although there is no evi- 
dence that hexachlorophene-resistant bacteria develop 
as a result of exposure to the agent (31), Price (28) 
pomted out that the microbial flora on the hands 
of different people vary in susceptibility to the agent 
with some individuals harboring a resistant flora. 
This finding introduces some uncertainty as to the 
reliability of hexachlorophene soaps that is probably 
more serious m the operating room than in food 
service establishments; nevertheless it must be con- 
sidered. 

In general, the Gram-positive bacteria are most 
susceptible to hexachlorophene, and Gram-negatives 
such as E. coli and Salmonella are not greatly affect- 


ed (31). Many Gram-negative types are represented 
among the transient species encountered in food by 
the food handler. Post and Balzer (27) have reported 
that hexachlorophene appeared to have some effect 
on the transient as well as the resident bacterial flora 
on the hands of four culinary workers. The effect 
on the Gram-negative organisms was erratic. The 
authors admitted that the results were inconclusive 
and in need of further clarification. Furthermore, 
the small number of workers studied and the diversity 
of their culmary duties suggest that additional studies 
should be carried out on a greater number of sub- 
jects and more attention given to the type of culinary 
operation performed and the extent to which workers* 
contracts with dishwater and food influence the re- 
duction of bacterial flora by hexachlorophene. 

Bithionol (also known as XL-7, Actamer, Lorothio- 
dol, and TBP) is termed 2, 2'-thiobis (4, 6-dichloro- 
phenol) or bis (2-hydroxy-3, 5-dichlorophcnyl) (26). 
It is usually employed in concentrations of 1 to 3% 
in liquid or solid soap formulations for surgical scrub 
or other skm disinfection. Lower conoentiations may 
be used, one brand containing only 0 A%. 

Soap containmg 1 to 2% bithionol is reported to be 
at least as active as soap with hexachlorophene. It 
is also more active against the Gram-positive than the 
Gram-negative bacteria (1) and is reported to be 
fungistatic (1,31). After 10 to 12 days of continuous 
use, the bacterial load on hands is said to be i educed 
by 89 to 97.4% and levels off with no further reduction 
(1), It is said to be nonirritating when used in soap. 

Bithionol, like hexachlorophene, is claimed to re- 
sist removal by soap and water (1). It is said to be 
strongly absorbed by animal tissues such as skm and 
hair and works best in the acidic range of pH 5,0 
to 6.5 (1). Apparently an active residual is main- 
tained (1) in the presence of alkali in soaps or de- 
tergents, but more study is needed on this aspect 
of both bithionol and hexachlorophene. 

The Iodine Compounds 

Free Iodine 

Elemental iodine is one of the most effective anti- 
microbial agents known (31). It is essentially bac- 
tericidal, dilutions possessing bacteriostatic and bac- 
tericidal action being practically identical (18). Under 
a variety of exaggerated test conditions, iodine in the 
proper concentrations is uniformly active against a 
broad spectrum of pathogenic organisms, including 
the tubercle bacillus, pathogenic fungi, viruses, and 
even bacterial and fungal spores. Although effective 
for antiseptic washes and for irrigation purposes over 
a wide pH range (17), the activity of iodine solutions 
is markedly enhanced under acid conditions. 

Reddish (32) points out that the well-recognized 
efficacy of iodine is partly due to the margin of safety 
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under which it has been employed. It is used as a 
skin antiseptic in hospitals in a concentration of 2%, 
although a level of 0.02% in solution is germicidal 
within one minute to a variety of pathogenic oi- 
ganisms, including S. aureus. Tinctures of iodme 
have low surface tensions, and the solvent action of 
the alcohol dissolves skin oils and facilitates penetra- 
tion into the epidermal layer, thus destroying both 
the transient and the resident bacterial flora Aqueous 
solutions of iodine have also been used successfully 
and possess certam advantages as preoperative skin 
disinfectants, and disinfectants for surgical instru- 
ments, clinical thermometers, drinking water, and 
eating and drinking utensils. 

The iodophors are chemical complexes of diatomic 
iodine and solubilizing agents or carriers, usually 
synthetic nonionic surfactants A poition of the 
iodine becomes firmly bound in the complex and is 
unrecoverable, but the remainder is “available” and 
is believed to be responsible for the germicidal 
activity. The iodophors have been reported to be 
effective sanitizers, good disinfectants in vitro, non- 
allergenic, relatively nontoxic, and noncorrosive. 

The activity of the iodophors is directly related 
to the amount of titratable iodine present in solution. 
Titratable iodine content is very pertinent m evalu- 
ating commercial iodophors (10). Blatt and Maloney 
(10) compared three commercial iodophors with 
aqueous or alcoholic solutions of elemental iodine on 
the basis of equivalent amounts of titratable iodine 
and found no significant differences in germicidal 
effectiveness. These results indicate that germicidal 
activity is contributed solely by titratable iodine, and 
any enhancement of germicidal activity is at least 
partially due to the wetting action of the detergent 
compound. Blatt and Maloney (10) also found that, 
once all of the titratable iodine was removed from 
the compound and after the compound had been 
allowed to stand, no further iodme could be demon- 
strated by titration. In the analysis of iodine prepara- 
tions, it is pertinent that the amount of titratable 
iodme does not always represent the actual amount 
of active iodine to be expected under actual con- 
ditions of use, because the amount dissociating from 
the complex at any time is dependent upon the dis- 
sociation constant, which is influenced by pH and 
temperature (12). This amount may be only a frac- 
tion of the amount recoverable by titration. 

Solutions of elemental iodine, phosphoric acid buf- 
fered iodine-^ and solutions of certam iodophors 
with a low pH (even after the addition of test bac- 
teria) are believed to be among the best sanitizing 
agents (31). Many of the marketed liquid iodophors 
contain phosphoric acid. A cationic iodophor that 
possesses an alkaline pH and contains 3.2% elemental 


iodine has been recommended for disinfection of the 
skm, for operative procedures, and for disinfection 
of thermometers and surgical instruments (31). It 
has been reported (21) to be responsible for a re- 
duction m major postoperative wound infection from 
14 8% to 6.8%, although minor infections were not 
significantly reduced. 

Comparisons have been made of the effectiveness 
of free iodme preparations, iodophors, and hexa- 
chlorophene. Goldenberg, et al (19), by culturing 
washings of the insides of surgeons gloves, found that 
iodine-detergent surgical scrub was almost three 
times as effective after 4 mmutes of scrubbing (235% 
positive cultures) as a 3% hexachlorophene detergent 
was after 10 mmutes of washing (66.7% positive cul- 
tme). Recently, King and Price (20), employing the 
widely used method of Price (29), compared the 
degermmg activity of solutions of several iodophor 
formulations with simple alcoholic and aqueous solu- 
tions that have approximately the same iodine con- 
tent, and with a scrub with ordinary face soap. Al- 
though the iodophors were less effective m reducing 
bacteria on the skm than were the iodme solutions, 
they were moie effective than ordinary soap. A 2- 
minute exposure to a tincture of 1% iodine m 70% 
ethyl alcohol reduced the bacterial flora to less than 
20% of the pre-exposure levels (equivalent to 13 
mmutes of soap and brush scrubbing) The same 
exposure to the most efficient iodophor reduced the 
flora to only 54%, equivalent to the efficiency attained 
m 4 minutes of scrubbing with white soap and brush, 
or to 35 seconds of exposure to 1% iodine in 70% 
alcohol. The authors believed that about the only 
advantage of an iodophor surgical scrub over one 
incorporating tincture of iodine is that the former 
is more pleasant and less irritating. 

Experimental detergent-iodine cakes containing 
about 0.7 to 10% available iodme have been pro- 
duced and patented (15), but, to our knowledge, are 
not yet available commercially (15). The exact de- 
tails of their composition are not known, and an 
evaluation should be made when more information 
is available. 

As skin degermmg agents for the surgical scrub, 
the iodophors appear to be generally less efficacious 
than elemental iodine, but this may be a result of 
the paucity of information about the amount of 
titratable and dissociated iodine present in the var- 
ious compounds under actual conditions of use. The 
available information does not reveal the presence 
of true residual activity as occurs with hexachloro- 
phene. The iodophors are attractive to potential 
users because of the claim that detergency and dis- 
infection can be accomplished simultaneously with 
the same agent. 
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The Chlobocabb anilides 

TCC is a 3, 4, 4, trichlorocarbanilide (6). Avail- 
able information from the manufacturer (6) indicates 
bacteriostatic activity against staphylococci in dilu- 
tions of 1:5 million to 1:10 million, with some fungis- 
tatic action against skin fungi. TCC is used in soaps 
in concentrations ranging from 0.5 to 2 0% and is 
claimed to be unaffected by either nonionic or anionic 
detergent. Data for Gram-positive bacteria only are 
included (6) Handwashing tests with TCC were 
strictly controlled to eliminate the use of other hand- 
washing agents, so no skin retention data are avail- 
able. 

Bacteriostat CH3479 (Irgasan CF-3) is 3-trifluoro- 
methyl 4, 4' dichlorocarbanilide (3). It is used in 
concentiations of 1 % in deodorant soaps or shampoos 
and m detergents in 0.2 to 04% for residual bac- 
teriostatic effect on cotton fabrics. Although in- 
effective against Gram-negative bacteria, it is claim- 
ed by the manufacturer (3) to be more effective than 
TCC against Gram-positive bacteria. 

Although extensive evaluations of TCC and CH3479 
are not yet available, these compounds seem to re- 
quire their exclusive use by the food handler in order 
to be fully effective. 

The Quaternaby Ammonium Compounds 

The quaternary ammonium germicides ( “quats” ) 
are another class of synthetic chemical disinfectants 
which are synthesized to form amines in which the 
nitrogen in the molecule has a covalence of 5, With 
the quats, however, the hydrogen atoms are replaced 
by one or more alkyl groups (CHs, C 2 , H 8 , etc.), 
or a phenyl radical, and one or more alkyl groups 
containing Cg to Ci 8 carbon chain lengths (31). The 
quats are characterized further by their ability to de- 
press greatly the surface tension of water. This 
property places them in a class of chemicals fre- 
quently described as wetting or surface active agents, 
detergents, or dispersing agents. Surface active 
agents are grouped further between “anionic” detei- 
gent (natural soaps and many synthetic soap sub- 
statutes); “non-ionic” detergents (sudsing agents); 
and the quats which are “cationic” detergents (sub- 
stituted ammonia compounds) Only the quats or 
cationics are discussed in this review. 

The antimicrobial properties of quats are attributed 
to their chemical reactivity and the ease with which 
they are adsorbed. Likewise, these properties ac- 
count for their occasional failure. The quats are in- 
activated by soap, hard waters, lecithin, and other 
phospholipids, and are adsorbed by charcoal, ben- 
tonite, and agar. They combine readily with pro- 
teins and thus are less efficient in the presence of 
serum, milk, and other food soils (30). By 1954, the 


quats had been demonstrated to be incompatible 
with thirty-six chemical agents, among which were 
iodine, lanolin, pme oil, silicates, polyphosphates, and 
anionic detergents (23). The number of chemical 
agents with which the quaternaries are incompatible 
is about equal to the number of agents with which 
they are compatible. Thus it is critical that the in- 
gredients of a formulation be compatible with the 
quaternary used. 

The literature is replete with studies on the anti- 
microbial properties * of quats alone and in prepara- 
tions formulated for a variety of uses. In vitro they 
appear to be equally effective agamst many Gram- 
positive and Gram-negative bacteria, according to 
one source (31). Other workers found that quaternary 
ammonium compounds were slightly less effective 
against the Gram-negative organisms tested (8). Mail- 
man (25) summarized these discrepancies, stating, “By 
selecting the proper laboratory technic,- we can show 
that the cationics are either poor or unusually good 
disinfectants ” 

The most widely used quat is benzalkonium chlor- 
ide, which is a mixture of alkyldimethylbenzyl am- 
monium chlorides (26) and marketed under a variety 
of trade names. It has been widely used in hospitals 
for disinfection in surgery, and in sanitizing utensils, 
floors, walls, soiled linen, and in other applications. 
Since benzalkonium chloride (26) is incompatible 
with anionic detergents, such as soap, and the mineral 
content of hard waters interferes with the bactericidal 
action of the quats (11), it would not be suitable in 
hand-washing procedures for food handlers whose 
hands are in constant contact with soaps, detergents, 
waters of varying degrees of hardness, and food. 

Discussion and Conclusions 

Because of the paucity of studies on food handlers 
per se, it is difficult to make an absolute judgment 
of the type of antibacterial agent that ought to be 
incorporated into hand-washing agents for use by 
food handlers, or whether one should be used at all. 
Most of the studies on the efficacy of hand washing 
compounds have been directed to die evaluation of 
cosmetic applications or hospital procedures. The 
standards of efficacy in the former are not sufficiendy 
critical for adoption in the food-service environment, 
and those for the latter may well be too stringent, 
At present, the choice of an antibacterial agent for 
the food handler must be made without full knowl- 
edge of the extent to which food pathogens may 
colonize on the skin of die worker, although allow- 
ance for such an eventuality should probably be 
made. 

In the existing literature, the development of an 
antibacterial residue on the skin, such as occurs with 
the bithionols, is stressed. In itself, the maintenance 
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of a continuing low level of bacteria on the hands 
may not be sufficient evidence for the presence of 
an active residue with all agents, since Price (29) has 
demonstrated that full establishment of the normal 
skin flora after the skin has been thoroughly degermed 
may require as much as 1 week, regardless of the 
method used. Nevertheless, the apparent residual 
antibacterial activity of the bithionols requires con- 
sideration of this aspect in the study of hand sani- 
tizing agents. 

The aim of hand sanitation is *o prevent the trans- 
mission of possible pathogenic organisms from the 
hands through food or from food to food via the 
hands of the food handler Since it is obviously 
not practicable to depend on the continual and ex- 
clusive use of antibacterial hand soaps outside of 
working hours, optimal control of skm bacteria dur- 
ing the hours in which food is being handled is the 
best that can be achieved. The maintenance of an 
efficient antibacterial residual on the skin can then 
probably be subordinated to other considerations. 
The antibacterial agent should not be chosen on the 
basis of activity against staphylococci and the Gram- 
positive bacteria alone. Food handlers may also 
harbor many Gram-negative bacteria of significance, 
such as Salmonellae and pathogenic jE. coli , as well 
as Entamoeba histolytica or other pathogens, either 
as transient flora or possibly as established residents 
acquired through contact. The control of transient 
organisms by a more positive method than simple 
removal by soap and water may be desirable, since 
transfer from one food to another should be mini- 
mized. Also, the consistent use of a broadspectrum 
antibacterial agent during the working day would 
help to prevent possible colonization on the skin of 
bacteria acquired from foods. 

If all of these points are considered together, a 
good hand-washing agent for food service establish- 
ments probably should: (a) kill a wide variety of 
possible pathogens (inhibition is not sufficient be- 
cause a single viable one transferred to a food may, 
under optimal conditions, multiply once the agent 
is diluted by the food); (b) be present, if possible, 
in sufficient residual concentration from one ablution 
to another to effect control during the day; and (c) 
be non-irritating to skin. 

Iodine is the only agent reviewed in this report 
that appears to satisfy the above criteria in most 
respects. It is bactericidal and active against a 
wide variety of both Gram-positive and Gram-nega- 
tive bacteria and other organisms. Although Blatt 
and Maloney (10) state that skin flora recovers more 
rapidly after iodophor treatment than after the appli- 
cation of hexachlorophene treatment, this point re- 
quires further study, in view of Price's findings (29) 
on regeneration of the bacterial population of the 


skin. Any iodine preparation selected for study 
should have a high free-iodine content, whether it 
be a solid soap or a detergent-iodine complex. It 
should meet all of the general criteria accepted as 
necessary for performance of germicidal agents where- 
ever sanitation is important (13) Its penetration into 
skm and its residual effect durmg the working day 
should be determined, as well as the degree to which 
it is removed by contact with food substances. Emol- 
lient additives must be incorporated, and their ef- 
fect on the germicidal efficiency of the preparation 
must be definitely established. 

The need continues for simple and more reliable 
and reproducible techniques for measuring changes 
m the skin flora. Particularly, a method should be 
devised for the study of frequent changes in levels 
of skin bacteria that occur during the working day 
as a result of exposure of the food handler to dif- 
ferent foods. Such a method could conceivably shed 
light on the extent to which hazardous bacteria may 
be transmitted between ablutions as well as the de- 
gree to which a sudden contact with heavily con- 
taminated food staples may overwhelm the capacity 
of a residual bactencide on the skm to control the 
spread of these organisms. 

From the present consideration of the status and 
efficacy of the available hand sanitizing agents, one 
may conclude that frequent and thorough use of 
ordinary hand soaps, with the aid of a good brush 
during the working day, is, for practical purposes, 
about as efficient in controlling skin bacteria as the 
commonly available germicidal soaps. Practical ex- 
perience has shown that the frequency of hand- 
washing by food service personnel may be greatly 
increased by installing hand washing facilities in the 
working area, because of the tendency for personnel 
to correct one another's lapses in hand sanitation as 
they occur This simple expedient tends to greatly 
enhance the efficacy of the simple soap and brush 
procedure. 

A recent study (9) was reported on the efficiency 
of bar soaps, without antibacterial additives. The 
results show that bar soaps do not transfer bacteria 
among individuals in normal use, nor do they support 
bacterial growth. 

Undoubtedly, some additional benefit will accrue 
from the use of residual germicidal soaps if they are 
considered as a supplement to, rather than a replace- 
ment for, thorough and frequent scrubbing. While 
deposition of residual germicide on the skin may be 
real, it may be nullified by the narrow microbial 
spectrum affected, possible neutralization by kitchen 
detergents and food constituents, and the tendency of 
some germicides to produce sensitivity reactions in 
some persons. 

The use of formulations containing agents with a 
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broad antibacterial spectrum, such as iodine, presents 
attractive possibilities which, however, require much 
further testing in the food service environment 
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30 Davis: Fundamentals of Microbiology m Relation to Cleansing in the Cosmetics Industry 


This is an excellent review of the factors necessary to cleanse and sterilize equip- 
ment in the preparation of cosmetics. In the section on sterilization by chemicals, 
some of the antimicrobial agents required to perform the task are discussed. In 
addition, bacteriological control methods and factors that can influence the results 
of antimicrobial testing are presented. 
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30 

Fundamentals of microbiology 
in relation to cleansing in the 
cosmetics industry 


J. G. DAVIS* 
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Chemists of Great Britain in Bournemouth, Hants, 


Synopsis— The fundamental MICROBIOLOGICAL aspects of modem methods of CLEAN- 
ING and STERILIZING equipment with special reference to the HAZARDS of COSMETIC 
PREPARATIONS. 


Introduction 

Almost every operation involving handling of foods and other 
materials which can be contaminated by organisms of human or other 
animal origin is in theory a hazard to health. In practice it is fortunately 
only a few which are known to be a serious hazard, for example contact with 
a person suffering from a certain disease, rewarming of processed meat 
dishes, etc. From the hygienic point of view therefore the degree of risk has 
to be assessed in relation to the cost of preventive measures. Not only the 
chances of contamination and infection, but the growth-permitting proper- 
ties of the commodity, the conditions of storage and its intrinsic nature from 
the microbiological point of view are equally important. The more favourable 
the conditions for growth of micro-organisms in the product, the more 
effective should be the preventive measures adopted in the factory. 

For the present purpose we may define hygiene as a system of pre- 
cautions to maintain safety and keeping quality (KQ) in cosmetic products. 

’Consultant Microbiologist, 9 Gerrard Street, London, W1V 7LJ. 
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The causative agents in this problem are micro-organisms, so that scienti- 
fically it becomes a question of how we should kill them or control their 
growth. Basically the same principles and methods apply to both pathogens 
and fault-producing organisms (FPO). 

The trend of technology today is clearly towards aseptic packaging of 
liquid products, and more efficient use of refrigeration to maintain keeping 
quality. From the bacteriological point of view these two methods imply an 
increasing importance for heat-resistant spores, psychro-philic (-trophic) 
organisms and environmental sanitation. 

Hitherto industries employing sub-sterilization heat treatments have 
been particularly concerned with the numbers of thermoduric organisms in 
their raw materials but with the gradual change to UHT heat treatment 
methods these types will become of less importance. 

The status of hygiene in industry 

One of the greatest difficulties with which the new thinkers in industry 
have had to contend has been the long established general tradition that 
rlpaning G f any sort is a menial occupation and of no importance, so that 
the poorest types of labour were usually employed. This was a fallacy of the 
first magnitude, a fact which is now realized. No aspect of processing is 
more important than the cleaning and sterilizing of equipment. 

Significance of bacteria in cosmetics 

Safety and commercial or keeping quality 

The safety (freedom from any pathogens) and KQ of any product are 
quite dis tinct properties and must never be confused. A commodity may be 
safe but of poor KQ and it can be dangerous but commercially satisfac- 

tory. 

Laboratory control tests must therefore cover both aspects. A product 
may have such physical and chemical properties that one or both types 
of test are unnecessary. Dryness and acidity are in practice the dominant 
conditions in this respect, dryness for all micro-organisms and acidity 
for all pathogens and most bacteria. Acidity is no deterrent for yeasts 

and moulds, and in fact often favours them. 

In general it may be said that cosmetic preparations, like foods, should 
either be free from micro-organisms capable of damaging the product, or 
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should contain a bacteriostatic substance (or condition) capable of pre- 
venting their growth. 

For pathogens the requirement is different and more exact. Either the 
product must be free from pathogens or it must contain a substance (or 
condition) that kills them. This is because a surviving pathogen may not 
be able to grow in the preparation itself but may be able to proliferate when 
applied to the skin or mucous membranes, or when inhaled or ingested. 

The expression ‘free from pathogens’ needs definition, and as a stan- 
dard we suggest failure to recover recognized pathogens, particularly Staph, 
aureus, Ps. aeruginosa and Salmonella from 100 g using the common 
standard methods. Coliforms constitute a convenient index group as a 
measure of quality of raw materials, plant sanitation and hygiene in hand- 
ling, processing and packaging. 

The unpredictability of micro-organisms 

The classical textbooks divided bacteria into pathogens and harmless 
organisms, but unfortunately the true position cannot be so lightly dis- 
missed. During the last 25 years many bacteria previously regarded as 
harmless commensals or possibly as useful indicator organisms, such as 
E. coli, have been shown to possess pathogenic powers and be capable of 
causing illness and even death. 

Whether this is due to the frequent uncritical and perhaps irresponsible 
use of antibiotics since 1945 by the medical and veterinary professions must 
be a matter of opinion, but even some members of these professions are 
beginning to have doubts about the wisdom of the present day widespread 
use of antibiotics (1). 

Whatever the reason, today organisms such as Pseudomonas aeruginosa, 
E. coli, Aerdbacter, Flavobacterium, Serratia have been responsible for 
killing diseases, sometimes in epidemic form. These are all Gram-negative, 
resistant to disinfectants and antibiotics, and flourish under watery con- 
ditions. The irresponsible use of disinfectants, preservatives and anti- 
biotics may even favour the establishment of these types by repressing the 
Gram-positive organisms, against which they are very effective. 

Another aspect of the greatest importance is the considerable degree of 
variability in any genus, and even in any one species of micro-organism. 
Textbooks may define the conditions permitting growth and thermal death 
points, etc., but there will always be exceptions, or in other words, freak 
organisms. Such atypical strains are often responsible for disease and 
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defects in products such as cosmetics, pharmaceutical preparations and 
foods. It follows that assumptions must never be made, risks must never be 
taken, and a substantial margin of safety always allowed in specifying any 
heat-treatment, conditions of using a disinfectant and concentration for 
any preservative until certainty of result has been clearly established by a 
large number of tests. 

The chemist and bacteriological phenomena 

The chemist who has not received any biological training often has 
diffic ulty in appreciating the wide range of variation in biological behaviour, 
and the relatively enormous and unavoidable errors in micro-biological 
testing. For example, the ordinary 'total count’, generally the most 
commonly performed test, has a large error, especially when made on solid 
materials. In solid and semi-solid materials micro-organisms occur in 
colonies containing possibly millions of cells. Maceration of the product 
breaks up the colonies with unpredictable scattering, leading to a large 
error in the resultant count or very poor reproducibility. Chemical analysis 
can usually give repeated results agreeing within about 0.1%, but in such 
tests as the total count it is better to think in terms of logarithmic values, 
e.g. to allow a difference of X 10 before asserting that one result is really 
different from another, or that one sample is better than another. Assuming 
reliable sampling, two chemical laboratories can usually get reasonable 
agreement with their analyses. In bacteriological work wide differences may 
be found, because the method of sampling, handling of the sample, temper- 
ature of transport and storage, and technique differences between labor- 
atories may be of tremendous significance. The chemical condition of a 
substance is usually static whereas the microbiological condition may be 
quite mobile. 


Factors controlling bacterial growth 

The most important conditions controlling micro-organisms are (1) 
availability of food for growth and as a source of energy, (2) warmth or a 
certain range of temperature, (3) moisture, water activity or relative 
humidity, and (4) absence of lethal factors. 

Food 

Micro-organisms can flourish with such minute amounts of food that 
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scrupulous cleansing is necessary to free any item of equipment from these 
food traces. Protein of animal origin may be described as the favoured food 
for human pathogens, and skin secretions, mucus, etc. afford excellent 
nutrients for bacteria, assuming conditions are favourable. 

T emperature 

Broadly speaking, pathogens flourish best at about blood heat, but 
most can grow over the range 16-45 °C. Where conditions are unavoid- 
ably favourable for bacterial growth, e.g. a nutrient liquid at pH 7, the 
best, simplest and least objectionable way to prevent or delay growth is to 
hold the product at a low temperature, e.g. about 0°C. Cold does not kill 
bacteria per se, but if organisms cannot grow they tend to die out. 

It is impossible to generalize about temperature conditions in respect of 
organisms producing defects; they may vary from psychrophils (psychro- 
trophs) growing well at -5 to +5°C to the obligate thermophils which 
grow only above 37 °C and flourish happily at 55-63 °C. Cosmetic prepara- 
tions are often, or attempt to be, antiseptic in character, i.e. they contain 
one or more ingredients possessing some disinfectant power. Unfortunately 
these may have little efficacy against Pseudomonas, etc., so that low 
temperature storage of cosmetics cannot be relied upon to prevent growth 
of these types. All pseudomonads and many Gram-negative bacteria, yeasts 
and moulds can grow down to low temperatures, some moulds down to 
-23°C. Even extreme cold, e.g. — 100°C, cannot be relied upon to kill 
micro-organisms, although they usually die off slowly. 

Moisture 

A certain 'moisture’ or water activity (a w ) is one of the major con- 
ditions for bacterial proliferation. On surfaces it is customary to speak in 
terms of relative humidity, but the essential feature is the water activity 
(osmotic pressure) of the medium in which the micro-organisms are con- 
tained. This may be a protein-fat film of minute thickness, perhaps only a 
few microns. 

The simplest way of restraining growth of all micro-organisms is to keep 
the product or equipment dry. Thus in powders, even foods, micro-organ- 
isms will die out if the moisture content is low, e.g. below 5%, and they will 
also die out in tanks, fillers, pipelines, homogenizers, containers, etc., if 
these are kept dry. The one requisite is that they must be absolutely clean 
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i.e. entirely devoid of organic matter. If they are not, then organisms will 
survive but not grow, and so sterilization becomes ineffective. 

There is one important point to bear in mind in this connection. Bac- 
teria are classified in two broad groups on the basis of the gram stain, 
gram-positive organisms, such as Streptococcus, Staphylococcus, Coryne- 
bacterium, are more susceptible to disinfectants and antibiotics than the 
gram-negative (Pseudomonas, Salmonella, Shigella, coliforms) but are 
more resistant to drying, especially if protected by traces of organic matter. 
Thus the streptococci of scarlet fever, basically very delicate bacteria, can 
survive for years in particles of skin shed by patients, be hidden in such 
places as bed equipment, and cause an infection years later. 

The hygiene ‘probability equation’ 

Developing the theme of the factors controlling bacterial growth we 
may express the situation in highly condensed form as: 

P t =probable bacterial count at time t 
=f (N 0 , T, a w (or RH),F qn , F n , L-i,t) 
where N 0 = initial number 

T = temperature 
a,, =water activity in product 
RH =relative humidity in equipment 
F qn —amount of nutrients available (e.g. soil in equipment) 

F n =nature or type of product 

L =lethality factor (e.g. uv, sunlight, acidity, high osmotic 
pressure) 

t =time of observation after production 

This means simply that the probable count in a product or in a piece of 
equipment after time t will be a function of the factors discussed above. 

If all factors except two, e.g. T and t, are standardized it may be 
possible to estimate P t with a fair degree of accuracy, using data pre- 
viously obtained. 


Acidity 


In general, micro-organisms flourish best in the pH range 5-8.5. 
Pathogens are usually more sensitive to extreme values and many grow weU 
only between pH 5.5 and 8. Any product, including even foods, which is 
below pH 4.5 can be regarded as safe because no ordinary pathogens can 


295 



FUNDAMENTALS OF MICROBIOLOGY IN RELATION TO CLEANSING 51 


grow, and any present will die out. Yeasts and moulds are a significant 
exception, and the few pathogenic species (e.g. Candida albicans) are much 
more resistant to acids than bacteria. Thus C. albicans grows best over the 
range 5. 1-6.4 and can grow over a wide pH range (2). 

This acidity factor is of special interest to cosmetic chemists because 
the secretions of the skin are acid, being usually about pH 5.4. Moreover 
the free fatty acids may exercise a germicidal effect per se. This natural 
protective effect probably plays an important role in protecting the skin 
against invading organisms. These can do little harm against the intact skin 
but may invade if the skin is damaged. In extreme cases the pH of the skin 
may be as low as 4, and this secretory mechanism has been called the 'add 
mantle’ of the skin. It follows that frequent washing with a strongly 
alkaline soap is not to be recommended, and prolonged soaking in hot baths 
is also inadvisable for the same reason. Scientifically the skin should be 
cleansed with a preparation at about pH 5.4 rather than with an alkaline 
material. Basically it is always sounder to assist and stimulate the body’s 
natural protective mechanism rather than try and kill bacteria by 'disin- 
fectants’ and other means. There will always be the occasion when a 
virulent organism will get through. To be really effective an antiseptic must 
have strong biocidal properties, and unfortunately there is usually a good 
correlation between biocidal power and traumatic effect on animal tissue. 

Contemporary medical thought is veering in this direction. For example, 
it is now the practice not to remove the natural protective material ( vernix 
caseosa) on the new born infant and wash it by orthodox means (alkaline 
soap) immediately after birth. The warm water and soap cleansing is left 
over for a few days, thus allowing the natural mechanisms of the skin to 
protect the infant against any fortuitous contamination in early extra- 
uterine existence. 

The other major example of a natural acid protective mechanism is the 
acidity of the stomach. In healthy adults the pH of the active gastric 
secretion is about 2, at which no ordinary pathogens can survive. Sub-acid 
secretions (pH 2-5) allow acid-resistant types such as Str. salivarius to 
pass through into the bowel, and in cases of gross acid deficiency (pH >5) 
most pathogens can survive easily. This is the main reason why young 
infants and very old people are much more susceptible to food poisoning or 
infective enteritis than healthy adults. In general young infants and old 
people are much more susceptible to infections of any type. The young have 
not acquired much immunity and in old people there is a lowered efficiency 
of all biochemical mechanisms in the body. 
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The quantitative approach-the ‘communal phenomenon' 

All studies and control tests in bacteriology should be quantitative; in 
other words an attempt should always be made to estimate the number in- 
volved, although the error may be large. The reason is that the onset of an 
infection, or the development of a microbiological defect in any product, is 
dependent on the initial number of organisms concerned. Apart from a few 
exceptions, it is doubtful whether a single bacterial cell ever did anyone any 
harm. It appears to be necessary for at least a few organisms to establish 
themselves and adapt their environment for growth (the ‘communal 
effect’). This is clearly illustrated by figures for the minimum infective dose 
for well recognized diseases ( Table I). It follows that any reduction in 
numbers of micro-organisms is worthwhile, even if a complete kill is im- 
possible for practical reasons. 


Table I. 

Minimum infective doses (approx.) for pathogens in human beings 


Disease 

Number of cells 

Typhoid fever 

3 

Tuberculosis 

100 

Cutaneous moniliasis 

100 000 

Salmonelloses 

100 000 to 1 000 000 

(other than typhoid fevers) 



Pseudomonas aeruginosa 

This organism, also called Ps. pyocyanea and the 'green pus organism , 
has assumed considerable importance in medicine, surgery, pharmaceutics 
and cosmetic preparations in recent years. Not only is it capable of being a 
virulent pathogen but it is so resistant to commonly used disinfectants and 
antiseptic preparations that it can often be isolated from them in start- 
lingly large numbers. 

It is now being found in almost all watery environments in hospitals, 
nurseries, kitchens and other places where food is prepared and human 
beings work. 

Many interesting and disturbing examples are continuaUy coming to 
light. Quite recently severe cases of mastitis in a valuable dairy herd were 
found to be caused by a Pseudomonas aeruginosa contamination of the water 
used for washing the cows’ udder. This was ultimately traced to a dead rat 
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in a water tank. The water had been assumed to be pure because it came 
from the mains. 

Type of product and potential contamination 

Each type of product is liable to its own specific kind of contamination 
and microbiological growth according to 

(i) chemical nature (protein, fat, carbohydrate and mixtures of these); 

(ii) pH value; 

(iii) oxygen tension; 

(iv) surface tension; 

(v) other biocidal factors operating; 

(vi) presence of biocidal substances. 

In practice one organism (e.g. Pseudomonas, yeast, mould) may so 
establish itself that it 'gets away’ and the material becomes virtually a 
pure culture. If this organism is dangerous or affects the life of the product, 
disaster is inevitable. 

Practical aspects: procedures in the factory 
Control of raw materials 

All materials used in cosmetics should be checked for quality visually, 
chemically and where appropriate microbiologically. Specifications to 
buyers should include microbiological standards where necessary. It 
may be possible to blend, improve or ‘top up’ the chemical or functional 
quality of a crude ingredient, but it is often not possible or practicable to 
improve the microbiological quality without damaging the product. A 
defect of this nature can persist right through the processing and packaging 
to retail sale and use. 


Formulation and preservation 

In general it is always better to prevent microbiological growth by 
formulation rather than by relying on preservatives. These, like anti- 
oxidants, are rarely completely satisfactory for a prolonged period, es- 
pecially with warm ambient temperatures, whereas control by formulation 
(i.e. by physical and chemical means) lasts indefinitely. No organism can 
grow without nutrients but almost anything organic can act as a nutrient 
for some organisms. Physical factors are highly specific for particular types 
of organism, e.g. acidity for most bacteria but not for yeasts or moulds, 
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absence of oxygen for obligate aerobes, aerobic conditions for anaerobes. A 
useful measure of control can be exercised by designing formulation, pro- 
cessing and cleansing methods with particular reference to the type of 
infection to which the product is most vulnerable. 

T emperature control 

Temperature is in practice the most important factor controlling the 
growth of bacteria, and so the safety and keeping quality of the product, 
assuming satisfactory hygiene. Two of the biggest mistakes made in factory 
practice are to assume that dial thermometers and recorders are always 
accurate, and that calculations made in respect of heat transfer under 
ordinary conditions also apply in hot weather. Both these fallacious 
assumptions have led to major catastrophes in more than one industry. 

All working (dial) thermometers should be checked against a known 
accurate thermometer in the laboratory. Mercury in glass thermometers 
should never be used in the factory. 

All cooling systems should be calculated allowing for an atmospheric 
temperature of 27°C and a mains water temperature of 20°C, or alterna- 
tively provision made for additional cooling capacity in hot weather. 

Design of equipment 

In the food industries it took a whole generation to convince engineers 
that micro-organisms existed and could spoil a product. Early types of 
equipment were often a paradise for bacteria with their multiplicity of dead 
ends, crevices, unhygienic joints, indiscriminate use of absorbent materials, 
etc. and the impossibility of cleaning and sterilizing them. 

In early educational work we laid down as a basic principle that all 
equipment for materials of biological perishability had to be dismantled 
daily and each item individually cleaned before sterilization. There was 
even equipment on the market for this purpose which could not be dis- 
mantled. 

Fortunately engineers have now received the message and equipment 
in this field today is practically all well designed and hygienically con- 
structed. 

Sterilization of equipment by heat 

Heat is usually applied as hot water, steam at atmospheric pressure 
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(e.g. in a steam chest) or under pressure (e.g. in an autoclave) usually at 
15 lb/sq in. 

Hot air requires 160 °C for 3 h or 170°C for 2 h to ensure sterility of 
equipment or powders in thin layers. 

Although heat, especially autoclaving, is still the preferred method in 
medical work, it is often inconvenient or impractical in industry for one or 
more of the following reasons: 

(i) it is expensive; 

(ii) it causes deterioration of materials (e.g. plastics and delicate 

fabrics); 

(iii) it causes distortion in equipment (e.g. pipelines and gaskets); 

(iv) considerable time is taken to heat and to cool; 

(v) residues may be baked on unless the equipment is thoroughly 

cleaned; 

(vi) inefficient heating may result in the incubation of micro-organisms 

in inaccessible parts of the equipment. 

In general, it may be asserted that heating a liquid for a few seconds at 
75 °C will destroy non-thermoduric vegetative cells, at 90 °C all vegetative 
cells, and at 130-140°C all cells including spores. When considering surfaces, 
even of such easily cleansed materials as glass and polished stainless steel, 
a more drastic treatment is necessary, mainly because of the possible 
presence of very thin, invisible films of soiling matter which are often 
present although the utensil or equipment appears to be clean. Rubber and 
similar materials are extremely difficult to clean and sterilize. Thus Ander- 
son, Sage and Spaulding (3) showed that it is necessary to hold contamin- 
ated rubber nipples in boiling water for 5 min to destroy C. albicans, 
although a few seconds at 100 °C is sufficient to destroy it in milk (4). 

Sterilization by chemicals 

Broadly speaking there are four ways of chemically sterilizing equip- 
ment: 

(i) cleaning by a detergent (e.g. alkali) and then sterilization by a 

sterilant (e.g. hypochlorite) or a quaternary ammonium compound 
(QAC), 

(ii) cleaning by a stronger concentration of a detergent-sterilant 

followed by sterilization by a weaker concentration (e.g. iodophors) 

(iii) cleaning and sterilizing by a detergent-sterilant (e.g. QAC -f- alkali) 

followed by a 'sterile rinse’ (e.g. QAC or hypochlorite). 
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(iv) using a single substance which has powerful cleaning and sterilizing 
properties (e.g. sodium hydroxide or nitric acid) followed by a 
sterile rinse. 

Inter-relationship between detergents and sterilants 

In practice it is impossible to dissociate the action of a detergent from 
that of a sterilant. All detergents have some killing power in addition to 
their ability to remove most of the micro-organisms from a surface by 
cleaning which effects mechanical removal. Some sterilants exert a deter- 
gent action by chemically attacking a constituent of the soil, e.g. hypo- 
chlorites accelerate the degradation of proteins, and dilute acids can 
dissolve the calcium salts in heated milk deposits and hard water scale and 
so disintegrate a strongly adhering film. 

The action of a detergent is complex. The main aspects are chemical 
hydrolysis of fat and protein, wetting of the equipment surface, solution of 
certain constituents, and, when an oxidizing agent such as chlorine, iodine, 
nitric acid, percarbonate or hydrogen peroxide is present, destruction of 
substances by oxidation. The combined effect of these activities is to dis- 
integrate and loosen the soil so that it can be washed away. 

Bactericidal action of detergents 

Many detergents have marked germicidal properties although they are 
used primarily as detergents, and this may be the only claim made by 
manufacturers of proprietary products. Hot water at 60-80°C will kill most 
or all vegetative cells but few spores. A detergent will always enhance the 
killing effect of heat. Probably the best example is sodium hydroxide. A 
treatment of 63 °C for 30 min in water will kill all bacteria except thermo- 
duric ones and spores, but a 1-3% NaOH solution under these condi- 
tions will kill all thermoduric cells and a considerable proportion of 

spores. 

Detergents are almost invariably used hot and so act by enhancing 
the bactericidal effect of heat. This effect is especially valuable against 
spores in those industrial applications, e.g. bottle-washing followed by cold 
filling, where excessive temperatures have to be avoided. 

Detergent-sterilants are particularly useful where high temperatures 
cannot be used, as in manual dishwashing or because of delicacy of the 
material. 


301 



FUNDAMENTALS OF MICROBIOLOGY IN RELATION TO CLEANSING 57 


According to Monori and Varga (5) even apparently innocuous deter- 
gents such as the anionics, non-ionics and trisodium phosphate can exert 
a powerful killing effect against most pathogens but not against tubercle 
bacilli or spores. 

The effectiveness of alkaline detergents can be improved by incorpor- 
ation of anionic wetting agents if foaming problems are not likely to arise. 
The alkyl-aryl sulphonates may improve not only wetting, emulsifying 
and deflocculating but also the bactericidal action (6). 

It is generally accepted that there is no reliable method of testing 
efficiency of detergent action suitable for application under all conditions or 
relevant to all problems, although standard test methods for detergents as 
such can be devised. 


Comparison of sterilants 

All sterilants have their characteristic advantages and disadvantages, 
and it is quite unsound to attempt to compare them unless consideration is 
given to the conditions of use. 

The following factors should be taken into consideration when deciding 
on the best method for sterilizing equipment: 

(a) Material of construction. Stainless steel and glass are best from the 
hygiene point of view (7). 

(b) Adequacy of supply of steam and/or hot water (85-90 °C). 

(c) Time available for cleaning and sterilizing. A quick turnover (e.g. 
for a tanker) may make the use of steam impossible. 

(d) Type of equipment, e.g. large tank, long pipeline, equipment 
susceptible to heat distortion. 

The advantages and disadvantages of heat and chemical sterilizing 
methods are summarized in Table II (8). 

Recommendations for choice of sterilant are given in Table III (8). 

Chlorine compounds are particularly indicated where a quick drastic 
action is required. 

The QAC are not recommended where serious gram-negative con- 
tamination is possible, or where rinsing is difficult, e.g. where surfaces are 
rough or absorbent. One danger with QAC preparations is that they may 
be used as detergents although they are sold only as a sterilant. 
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Table II 

Sterilizing agents— advantages and disadvantages 



Steam 

Hot water 
(90°C) 

Chlorine- 

releasing 

compounds 

Quaternary 

ammonium 

compounds 

Iodophors 

Cost 

Varies 

Vanes 

Low 

High 

Intermediate 

Convenience 

Depends on 

Recirculatory 

Very 

Very 

Very 


lay-out 

system 

convenient 

convenient 

convenient 

Penetration 

Good if 

Good 

Clean plant 

Clean plant 

Has 


adequate 


essential 

essential 

detergent 


supply 




action 

Heating 

Tanks, etc. 

Less than 

None 

According 

None 

effect 

may require 

steam 


to 



hours to 



temper- 



cool. Un- 



ature 



desirable 






stresses may 






be set up 





Suitability 

Very suitable 

Very suitable 

All purposes 

All purposes 

All purposes 


for enclosed 

for pipelines 





systems and 






small articles 





in chests 





Persistence 

Not persistent 

Not persistent 

Not 

Persistent 

Not 




persistent 


persistent 

Corrosion 

None 

None 

Very 

None 

Not corrosive 




corrosive 


if 




unless 


thoroughly 




main- 


rinsed 




tained at 


away 




pH 9 or 






above 



Odour 

None 

None 

Marked 

None 

None below 






50°C 

Rinsing 

Unnecessary 

Unnecessary 

Good rinsing 

Good rinsing 

Good rinsing 




essential 

essential 

essential 

All chemical sterilants can be corrosive if improperly used, e g at too high a concen- 

tration, at too high a temperature, for too long, and/or not adequately rinsed away 



Table III. 




Recommendations on types of stenlant 




Circumstances 

Circumstances where 

Sterilant 

where indicated 

inadvisable 


Hypochlorites, chloro- 
cyanuric acids and 
sodium phosphate 
hypochlorite. 


T UVAV * 

Where low cost is important. 
Where all types of micro- 
organisms are likely to be 
encountered. 'Where alkaline 
detergent required 


Where odour 
inadvisable. 

Where corrosion likely 


Continued page 59 


303 



FUNDAMENTALS OF MICROBIOLOGY IN RELATION TO CLEANSING 59 


Table III . — Continued 


Sterilant 


Circumstances where 
indicated 


Circumstances where 
inadvisable 


Quaternary ammonium 
compounds 


Iodophors 

Ortho-phenyl-phenol 
Nitric acid 


Hexachlorophene 

Chlorhexidme 

Amphoterics 


Where odour, taste and 
toxicity to be avoided 
Where safety in use im- 
portant. Where gram- 
positive organisms chief 
danger. Where alkaline 
detergent desired. 

Where calcium scale a 
problem 

For equipment not coming into 
contact with food 

Where calcium scale a 
problem 


Where contact with hands, 
etc. possible. In toilet pre- 
parations, etc. 

As 'antiseptic'. 

Where neutral conditions required 


Where low cost important. 
Where gram-negative 
organisms a likely 
danger Where rinsing 
difficult (e g. rough 
surfaces) 

With galvanized iron 


Where equipment not all 
stainless steel. Where 
strong acid dangerous. 
Where fat-protein films 
a special problem 
Not for food equipment 


Where cost important 


Detergent-sterilants and their use 

A detergent-sterilant is required to carry out the following operations: 

(i) Remove all soil. 

(ii) Remove or kill all pathogens and potential pathogens. 

(iii) Remove or kill all fault-producing organisms (FPO). 

(iv) Reduce bacteria to 1 per sq cm surface area or per ml cubic capacity. 
The main fields of application for detergent-sterilants are given in 

Table IV. 

Table IV. 

Applications of detergent-sterilants for sanitizing equipment 


1 . In general for all cleansing purposes where heat cannot be used, e.g. walls, floors, wooden 

and plastic table tops, refrigerators, cold stores, etc. 

2. The food industries, particularly for equipment for perishable foods such as milk and the 

more vulnerable foods such as meat, poultry, fish and eggs. 

3 Medical and surgical activities: hospitals, clinics, surgeries, etc. 

4 Sanitary aspects of communal activities: schools, colleges, catering, swimming and 

shower baths, public lavatories, public transport and all equipment communally used. 

5. Institution maintenance cleaning. 

6. Domestic: dishwashing, babies’ and children’s items particularly in nurseries, etc. 

7. Cleaning or washing operations where heat cannot be employed: manual operations, 

delicate fabrics, plastics, etc. 

8 Agriculture: particularly dairy farms, animal pens and all equipment wherever animals 
are involved. 

9. Sanitation generally: wherever potentially dangerous material is handled as in slaughter 
houses, disposal of offal and refuse, etc. 

10. Sewage disposal and all operations involving obnoxious material. 
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In general, detergent-sterilants, like chemical sterilants, are particularly 
useful where for any reason heat cannot be used, or is expensive or incon- 
venient. 

The value of changing methods and sterilants 

Particular methods, and particular chemical formulations are often 
specially good for certain purposes and against particular types of organ- 
ism. The consistent use of one method and/or one formulation may lead to a 
weakness in the overall system because of a slow film build-up (too slight 
to be noticed) or acclimatization by a particular organism, e.g. coli, spore- 
former or yeast. 

The types of organism surviving on equipment depend on the nature of 
the soil and the sanitizing method used. It is therefore strongly recom- 
mended that at intervals, say once weekly, a different method should be 
used. For in-place cleaning systems it may not be convenient or economic 
to change the system drastically, e.g. use steam or hot water instead of 
hypochlorite, but it is usually possible to change the type of detergent and / 
or sterilant. 

In-place or circulation cleaning 

The scale of operations in factories today and the shortage and cost of 
manpower have revolutionized our attitude to cleaning and sterilizing. 
The classical idealist methods would be impossible today, and all relevant 
industries have gone, or are rapidly going over to in-place cleaning. Pro- 
vided all the equipment is suitably designed for this purpose, the method 
can be entirely successful. The usual system is a closed circuit with spray 
devices for tanks. A minimum velocity to give turbulent flow in pipelines, 
and properly formulated detergents and sterilants are essential. Permanent 
tanks for these solutions, regular laboratory control and automation allow 
such systems to operate with very little man-power although capital cost 
may be high. 

The problem of emulsions 

In addition to the purely physical and chemical problems associated 
with the formulation of emulsions there will often be microbiological 
problems. Three phases may be involved— the continuous phase (usually 
aqueous), the discontinuous phase (usually fatty) and possibly an adsorbed 
layer phase which may have considerable significance for organisms. This 
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third phase may act as a powerfully adsorbing film for bacterial nutrients 
and a focus for bacterial clumps or colonies. 

Homogenization may lead to biological troubles because clusters of 
micro-organisms are broken up and the cells dispersed throughout the 
medi um . Homogenizers are also difficult to clean and sterilize. 

Emulsions of water in oil are much more stable microbiologically than 
the reverse, as the organisms are confined to their bwn water globule. If 
these globules are very small (a few microns) growth appears to be halted 
rapidly and the organisms die out. 

Unsuspected reservoirs of contamination 

When all reasonable precautions have been taken but there still occur 
sporadic and serious outbreaks of infection the cause is probably an un- 
suspected reservoir of contamination. The following explanations have 
been found in factory practice: 

(i) poor communication between management and staff; 

(ii) poor supervision, especially early in the morning; 

(iii) bad hygienic design of equipment or lay-out; 

(iv) changes in cleaning/sterilizing procedure to reduce costs; 

(v) rapid staff turnover; 

(vi) making assumptions without laboratory tests to check them. 

Filtration and clarification 

When a liquid product has to be cleared of suspended particles, filtration 
is usually adopted because clarification is expensive and may be impossible. 
It should be realized however that, if the product is of poor microbiological 
stability, filtration may do nothing to improve this, and may even worsen 
it because all the material is forced through a layer of suspended matter 
which may be building up a substantial bacterial population. Filter cloths 
or pads should be renewed frequently for this reason, and double alternating 
filters preceded by fine mesh strainers are to be recommended where the 
nature of the product makes this desirable. 

The size of micro-organisms 

One difficulty in teaching hygiene to operatives, and even to factory 
floor management, is to convince people of the size of bacteria. To talk about 
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microns is meaningless to them. A simple analogy is to point out that if a 
bacterium were magnified to the size of a man, then the man would have to 
be magnified to the size of Great Britain to maintain the proportion. No 
system of filtration practicable for large volumes of liquids can be relied on 
to remove all bacteria, although yeasts and moulds, being about 10 times 
the size (diameter) can usually be removed to a considerable extent. 

Factory water supplies 

The bacteriological purity of water is generally judged on the basis of 
the Ministry of Health Memo No. 71 which assesses potability by the pre- 
sumptive and faecal coli tests, supported by total colony counts at 22 and 
37 °C. Many years’ experience has proved the validity of this method, but 
potability is not the same as quality for a particular industrial purpose. 
Defects in cosmetic and other preparations may be caused by Pseudomonas 
and similar Gram-negative bacteria, yeasts, moulds and other types of no 
public health significance. The hazards for water, which is dr unk , and for 
cosmetics, which are applied to and remain on the skin, are quite different. 
The latter include Staphylococcus aureus, Pseudomonas aeruginosa, and 
various skin pathogens which are usually completely ignored in public 
health water bacteriology. A further fallacy is the assumption that water 
as used in the factory is as pure as water supplied to the factory. Storage in 
tanks and passage through pipelines, pumps, filters, softeners, etc. may 
easily result in gross contamination. Unless constant testing shows that the 
water is of adequate purity, mild chlorination (2-5 ppm) is recommended. 
For a survey of problems and control methods see Davis (9). 

Hands as a source of infection 

Apart from obviously bad air conditions, contamination or infection of a 
product is always caused by contact. Of all the ways in which this can 
occur, there is little doubt that in practice the hands are the commonest 
means whereby a product becomes contaminated by a pathogenic organ- 
ism. Skin is impossible to sterilize and the bacterial load may vary from a 
few thousands to a few millions. Staphylococci and enterobacteria are 
nearly always found (10). 

Biological control of pathogens and fault-producing organisms 

Considerable success has been achieved in agriculture and in some 
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branches of medicine by using biological control to eliminate pests. The 
usual method is to liberate one type of living organism that is predatory on 
the pest. Little has been done in this direction in industry, although it is 
well known that by the use of 'starters’, e.g. in cheesemaking, undesirable 
organisms can usually be suppressed. It has been observed in some fields of 
work that there may be an inverse relationship between the numbers of a 
harmful and of an innocuous organism. Thus we have observed this type of 
inverse relationship between Staph, aureus and Staph, albus in foods, and 
such a relationship may also be found on the skin. This type of approach to 
problems of infection is largely an unexplored field. 

Hygienic packaging 

The glass bottle is still the favoured container in the cosmetics, milk and 
other industries, and likely to remain so for some time. Glass is the most 
hygienic (i.e. most easily cleansed) of all common materials (7) although it 
is heavy, fragile and susceptible to neglect and sabotage. It has the ad- 
vantages of transparency, cheapness (if re-used) and does not have to be 
imported. 

Blow-moulded plastics bottles are gaining favour in the soft drinks and 
other industries. They are very light, cheap, strong, non-fragile, reasonably 
rigid and initially sterile by virtue of their method of manufacture which 
involves a temperature of ca. 180 °C. Their use is certain to increase. 

The plastics sachet is the lightest and cheapest of all single service con- 
tainers, but is experiencing some consumer resistance, as of course do all 
new ventures. It is likely to be the container of the future for many liquid 
and solid products. 

Some progress has been made in the use of sterilizable plastics sachets 

( 11 ). 

General precautions in hygiene, etc. 

The most efficient cleansing of equipment is easily invalidated if un- 
hygienic methods are practised subsequently. 

The following points should be observed: 

(i) Check the quality of all raw materials. 

(ii) Unpack raw materials in a separate building, especially if em- 
bedded in sawdust, cotton waste, straw, etc. 

(iii) Apply a biocidal treatment where necessary if this is practicable. 
Controlled heat-treatment is usually the simplest and most reliable. 
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(iv) Control the quality of water as used in the factory. 

(v) Check the bacterial purity of the air near fillers, etc. 

(vi) Check the hygienic condition of all containers. 

(vii) Remove all residues, broken or split containers, etc., as soon as 
possible. 

(viii) Do not use cloths for mopping up spillages unless these are main- 
tained in a clean condition. Such cloths can be a menace. Paper 
towels are much better (12). 

(ix) Thoroughly clean equipment immediately after use. 

(x) Sterilize or cleanse all equipment, as may be necessary, immediately 
before use. 


Common fallacies in hygiene 

Some common fallacies experienced in commercial life are the assump- 
tions that: 

(i) splashing disinfectant over floors, etc. solves the hygiene problem, 

(ii) forcing steam through a circuit with the production of great clouds 
of ‘steam’ and considerable noise necessarily sterilizes the equip- 
ment, 

(iii) if equipment looks clean, then it must be clean. This is not true 
microbiologically, 

(iv) ‘Window dressing devices’ such as making people wear white 
coats and caps, UV lamps, use of disinfectant aerosols, may serve 
some useful purpose and undoubtedly exert a psychological in- 
fluence, but in terms of real worth are not quantitatively very 
important. Thorough cleaning of all equipment and prevention of 
contact contamination constitute 99% of factory hygiene. 

Air 

Most quality controllers in factories have their views as to how the 
purity of air should be maintained, both for the staff and the product. An 
air conditioning system which controls temperature, humidity and removes 
micro-organisms by filtration and/or electrostatic means is by far the best, 
but is quite expensive. 

For the product, as distinct from the staff, an aerosol or fog treatment 
is the simplest and cheapest, but the choice of biocide is a tricky problem. 
Chlorine (as hypochlorite) is cheap and effective, but very corrosive. 
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Formaldehyde is also cheap and effective but very unpleasant for the staff, 
and somewhat corrosive. It causes eye, nose and throat reactions at 2-3 
ppm. Up to 5 ppm can be tolerated for a few’ minutes, but at 10 ppm it 
becomes almost unbearable (13). 

Fogs of QAC solutions appear to be both effective, cheap and without 
objection. Little or nothing is known of the effect of repeated inhalation of 
minute concentrations of QAC (e.g. 1 ppm) but in general they can be 
regarded as non-toxic. There has been some scare in medical circles about 
the use of benzene compounds in hygienic measures on account of possible 
carcinogenic effects, but there appears to be no real evidence for this. For 
example, the toxicity of benzoic acid is low. It there is any apprehension 
over the benzyl QAC a twin chain (C g or C 10 ) compound may be equally or 
even more effective. 


Walls, roofs and air in factories 

These problems are inter-related because whatever organisms may 
occur on one will be found on the others. Clearly the factory air cannot be 
free from contamination which occurs on w’alls and roofs, or is present in air 
outside the factory. 

Moulds, yeasts and algae grow’ readily on any surface if the RH is over 
70% and the merest trace of nutrients is present. The first precaution is 
therefore to maintain adequate ventilation and at all cost to prevent con- 
densation at any time. Such condensate can be teeming with gram- 
negative bacteria including coliforms and Pseudomonas. The simplest and 
best treatment for soiled walls and other surfaces is to wet them and 1 h 
later, to apply a penetrative, non-foaming, alkaline detergent by a spray or 
other suitable means. This will clean the surfaces and exercise a substantial 
killing effect, but in order to obtain an effective kill a suitable bactericide- 
fungicide must be incorporated in the detergent. If the wall, etc., has been 
allowed to get into bad condition, repeated treatments will be necessary. 

Needless to say, all walls, etc. in a cosmetics factory should have a 
smooth, impervious and washable surface. 

Methodology in hygiene 

Practical recommendations for cleaning, sterilizing and hygiene in 
public health and various industries are given in (14-19). 

One of the most serious problems in the teaching of the principles of 
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hygiene and their application is that there is no glamour, no excitement and 
no romance in such a subject. 

Heart transplants, human organ banks, the fertilization of the human 
ovum outside the uterus and similar topics hit the headlines, but at the 
most these advances save an occasional life or prolong a few lives for a few 
months. On the other hand hygiene has saved millions of lives and pre- 
vented many millions of cases of disease. The dramatic rise in the ex- 
pectation of life during the past 100 years is mainly due to the application 
of hygienic principles. No branch of medicine or science has contributed 
more to human health and happiness. 

Laboratory control 
Laboratory control of cleaning and sterilizing 

The choice of a particular method is less important than regular testing. 
The ultimate criterion must always be the keeping quality and safety of the 
product, and it is usually easy to link the hygiene aspects in the factory with 
the quality of the products. The ‘first product through’ test, swabbings, 
rinsings or any other sound method is adequate for both staff training and 
protecting the quality of the product (16). 

An important feature in hygiene control is that tests should be surprise 
tests; the staff should never know when a particular piece of equipment is 
going to be checked. A rigid and known time-table for plant control defeats 
its own object. 

Laboratory tests are useless unless they are acted upon. I have known 
of a case where the head of the laboratory put his reports on the manager’s 
d ^ s k daily, but it was not until the poor quality of the product was re- 
vealed later that the manager studied the reports. 

The testing of disinfectants, antiseptics and preservatives 

The hi gh degree of competitiveness in this field results in many far- 
reaching claims being made by manufacturers and salesmen. Unfortunately 
it is not possible to assess the validity of these claims without a careful 
examination by an expert with adequate bacteriological facilities, a process 
which is time-consuming and expensive. There is no single, reliable test 
which can be applied to any of these preparations. Results vary con- 
siderably according to the technique used, and the cyme might with some 
reason assert that one can get almost any result one likes by selection of the 
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conditions of testing. The only ultimate criterion which is of any value to 
the user is whether the substance fulfils the claims made for it under the 
condition of use. Any laboratory test used should therefore simulate as 
closely as possible these conditions. 


Choice of end-point 

It should be realized that there is nothing definite about disinfectant 
studies; everything is arbitrary. Such terms as 'complete kill’ or '99.99 per 
per cent kill’ are quite arbitrary and can only be defined in terms of the 
particular technique used. 

There are many factors capable of affecting the result of any disin- 
fectant test, irrespective of its nature ( Table V). In a laboratory test, these 
can at least be standardized but under conditions of use such factors may 


Table V. 

Factors influencing the result of any disinfectant test 


1. Type of organism (e.g. Staph, aureus) 

2. Particular strain used 

3. Physiological condition — long term (e.g. how long in artificial culture) 

4. Physiological condition — short term (e.g. 24 h at 37 °C) 

5. Composition of medium used for growth (e.g. nutrient broth) 

6. Physical state of medium used for growth (e.g. agar medium) 

7. Temperature, humidity, etc. of growth 

8. Concentration of disinfectant 

9. Stability of disinfectant to moisture, oxygen, etc. 

10. Temperature of test 

1 1 . Time of contact 

12. pH value 

13. Osmotic pressure 

14. Synergistic effects with other substances, e.g. acids, surfactants, salts. 

15. Concomitant substances (e.g. in hard water); compatibility with other substances 

present 

16. Physical nature of suspending fluid, e.g. emulsion 

17. Surface tension of suspending liquid (e.g. Teepol) 

18. Nature of solvent (e.g. part isopropyl alcohol) 

19. Method of mixing disinfectant and cells 

20. Type, physical nature and concentration of soiling matter 

21. Choice and concentration of inactivator (e.g. Lubrol W) 

22. Medium for growing survivors 

23. Incubation temperature for plates 

Surface film tests 

24. Soiling material used (e.g, whole milk) 

25. Method of fixing to surface (e.g. drying at 37°C) 

26. Chemical nature of surface used (e.g. stainless steel) 

27. Condition of surface (e.g. highly polished) 
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vary considerably, e.g. temperature, time of contact, nature and amount 
of soilage, hardness of water. 

Reports of microbiological examinations 

In my opinion many reports and claims for disinfectant power, etc. by 
manufacturers, are unscientific and even sloppy. Such statements as 'kills 
typhoid in 2 min’, ‘coli absent', etc., are meaningless, and in fact may 
even be misleading. The conditions of testing should always be stated, and 
reports should state results in a form such as 'coli not detected in 1 ml’, 
etc. 

Some recommended microbiological control methods for cosmetic 
products are given in Table VI. 


Table VI. 

Recommended bacteriological control methods for cosmetic products 


Organism 

Total (public health) 
Total (general) 
Staphylococcus aureus 


Pseudomonas aeruginosa 
Presumptive coliforms 


Faecal coli 
(follow-up tests) 

Candida albicans , yeasts 
and moulds 
Yeasts and moulds 


Streptococcus faecalis 
Salmonella 


Clostridium spores 


Medium 


Temperature 


Blood agar 

Glucose tryptone agar 
Mannitol salt (21) 

Egg yolk (22) 

Phenol phthalem phosphate (23) 
Acetamide agar (24) 

Cetrimide agar (39) 

MacConkey broth 
Eosin methylene blue agar 
(25) 

Violet red bile agar (26) 


Escherichia and 
Aerobacter can 
be differentiated 
on these media 


/ MacConkey broth (b th must be used) 
\ Peptone water v 
Malt agar pH 5.4 


°C 

37 

27 

37 

37 

37 

37 (42) 

37 

30 

30 

30 

44 

44 

27 


Malt or buffered beerwort agar 
pH 3.5 (27) 

Buffered citnc acid agar 
pH 3.5 (28) 

Crystal violet azide blood agar (29) 
Selenite broth (for enrichment) (30) 
Desoxycholate (31) 

Brilliant green (32) or 
Bismuth sulphite agar (33) 

Kligler iron agar (32), (35)) or 
Kohn-Gillies broths (36), (37) 

Final serological confirmation 
Meat broth . 

Reinforced clostndial medium (38) 


27 

27 

37 

37 (43) 


37 

37 


37 

37 


Oxoid or Difco media (see Manuals issued by these firms) 
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Microbiological standards 

There is now considerable interest in microbiological standards for foods 
and some other products. This is a subject into which which no-one should 
enter without experience of the product as well as a knowledge of micro- 
biology. It is very easy to lay down standards which are impracticable, 
unnecessary or even just ridiculous. The basic requirements are 

(i) careful standardization of all aspects of sampling, transporting and 
storage of the sample, 

(ii) standardization of laboratory testing, 

(iii) consideration of age of product, 

(iv) allowance for error of test, 

(v) selection of appropriate tests, 

(vi) proper interpretation of results. 

Standards should only be advisory, and are mainly a matter between 
buyer and seller. They can be particularly useful for purchasers of basic 
materials For general quality control purposes standards set for pro- 
duction in the factory must be related to the microbiological behaviour of 
the product between production and final use. 

Some suggested standards are given in Table VII. 

In U.S.A. the F.D.A. have become very concerned with the problem of 
microbiological contamination of cosmetics, especially in relation to 
Ps. aeruginosa. It can be anticipated that they will shortly issue standards 
for this purpose, which will obviously be of the greatest importance for the 
British export trade. 

Table VII 

Tentative microbiological standards for cosmetic preparations g- 1 or ml- * 


Satisfactory Doubtful Unsatisfactory 


Total colony count* 

<1 000 

1 000-10 000 > 

10 000 

Presumptive coliforms* 

< 

10 

10- 100 > 

100 

Faecal coll 

< 

1 

1- 10 > 

10 

Staph, aureus * 

< 

1 

1- 10 > 

10 

Ps aeruginosa * 

Salmonella 

Fault producing organisms 

< 

1 

1- 10 > 
Not detectable in 100 g 
Impossible to generalise 

10 


*=» first priority in laboratory control work. 


Tests and standards for the efficiency of cleansing 


Cleansing consists of two treatments — physical cleaning and sterilization 
or disinfection. There is a steady trend towards combining these. 
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Cleaning or detergency 

There is usually no need to assess this alone, or to set standards. 

If required, an assessment of residual organic matter can be obtained by 
allowing contact with a reactive chemical, e.g. chlorine, for a given time 
and then determining the loss in available chlorine. 

A simple 'spot test’ is to take advantage of the fact that iodine, as in 
iodophors, stains organic matter a yellowish colour. Iodophors do not stain 
cl ean glass, stainless steel, etc., although allegations have been made to this 
effect. Any staining indicates a greasy or protein film, hard water scale, etc. 


Residual bacteria or ‘sterility’ 

If equipment has been properly cleaned and 'sterilized’ the number of 
bacteria left will not exceed 1 per cm2 area by a swab test or 1 per ml 
capacity by a rinse test (14). These tests are therefore quite adequate to 
assess the efficiency of cleansing in a general sense. It can be assumed under 
ordinary working conditions that if these results are satisfactory (i.e. less 
than 1 colony per cm 2 or ml) then all pathogens will have been killed or 
removed. It is also unlikely that FPO will have survived in sufficient 
numbers to cause trouble, but as a safeguard 1 000 cm 2 may be swabbed and 
the 20 ml Ringer solution added to a suitable enrichment medium (T able VI) 
for the cultivation of specific pathogens or FPO. 

Alternatively 5 ml could be added to 

(i) mannitol salt broth (for Staphylococcus) , 

(ii) selenite broth (for Salmonella), 

(iii) acetamide broth (for Pseudomonas aeruginosa), 

(iv) buffered citric acid broth pH 3.5 (for yeasts and moulds) , 

(the appropriate confirmatory tests must be made) but such a 
refinement is only necessary when a relevant problem arises. 

(Received: 4th September 1970) 
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31 Borick and Pepper: The Spore Problem 


In this article the authors discuss the high degree of resistance of bacterial spores 
and attempt to show some of the difficulties one may encounter in chemical sterilization 
where they are present. The chemical and physical characteristics of spores are dis- 
cussed and methods are presented for evaluating the effectiveness of sporicidal 
agents as chemosterilizers. 
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I. INTRODUCTION 


Spores are highly resistant to present methods of sterilization, i.e., 
heat, irradiation, or chemicals and their elimination presents a major 
problem to the microbiologist. Writers of textbooks in microbiology 
hasten to point out that although vegetative bacterial and fungal cells 
may be rapidly destroyed by either physical or chemical means, 
many conditions must be satisfied to assure sporicidal activity. Oginsky 
and Umbreit(57) stated that spore formation, a fortress type of 
defense, is a restricted mechanism. The capacity of certain microbial 
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cells to form spores gives them a selective status and poses a real 
problem in disinfection. 

Borick(S) has shown that although numerous antimicrobial agents 
are available for use, only a few, e.g., formaldehyde, glutaraldehyde 
and ethylene oxide, among others, are truly sporicidal and, thus, can 
be used as chemosterilizers. Alcohol, although frequently used as an 
antimicrobial agent is not sporicidal, it is frequently employed to main- 
tain spore suspensions. Certain chemical compounds inhibit bacterial 
growth but are not able to kill microbial spores. To cite an example, 
methyl-2-cyanoacrylate, a chemical adhesive, was reported by Awe 
et a 1.(4) to be both bacteriostatic and bactericidal, but Page and 
Borick(J9) were able to recover both aerobic and anaerobic spores 
from the polymer when the material was aseptically transferred to 
appropriate culture media. 

The resistance of spores differs within the microbial population and 
species variation is common. Some strains of Bacillus subtilis spores 
are rapidly destroyed by heat, whereas others may withstand boiling 
temperatures for prolonged periods of time. This is also true for chemi- 
cals or irradiation used in spore destruction. It has been our experience 
that spores of Bacillus globigii were readily destroyed by chemical 
agents whereas B. subtilis or B. stearothermophilus spores were more 
difficult to destroy. In studying the effects of cathode rays on a wide 
variety of spores, Pepper et al .(40) showed that Clostridium tetani 
and B. pumilus were destroyed by only the highest doses. When 
spores from the progeny of radiation-resistant isolates were sub- 
sequently exposed to cathode-ray doses identical to those received 
by the parent, the survival curves were similar to those of the parent. 
Although the progeny were destroyed at high dosages, sublethal doses 
can produce mutants which show higher survival rates than the parent 
strain. In spite of the fact that the mechanism of spore resistance is 
unknown, many factors associated with this phenomenon have been 
determined. Records of extreme longevity were provided by Sussmann 
and Halvorson(56) who showed that certain spores survived over 
40 years either dry or in alcohol. Murrell and Scott (36) concluded from 
their investigations that spores have a low water content. This, too, 
will make spores more resistant to destruction for the drier the spore, 
the higher the resistance. Moisture is required for ethylene oxide or 
other sporicidal gases and vapors to exert their maximum effective 
action. Low salt concentrations in spores, however, may decrease 
their resistance, whereas an increase in lipoidal substances in spores in- 
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creases their heat resistance. The combined use of heat and smoke may 
not have a detrimental effect on spores, as reported by Christiansen 
et al.(20) who recovered spores of Cl. botulunum from fish, smoked 
to an internal temperature of 180° F for 30 min The age of the spore 
is another important consideration. Curran (23) did not achieve 
maximum resistance from bacterial spores until a period of matura- 
tion was completed Heat resistance in spores appears to be associated 
with the presence of dipicolinic acid (DPA). Powell (44) showed 
that 5-15% of the dry weight of spores was DPA. When spore 
germination took place, DPA was released with a lowering of heat 
resistance. Russell (50), in attempting to describe the resistance 
of bacterial spores to various chemical and physical agents, concluded 
that spores which are highly resistant to one process are not necessarily 
insensitive to another process. Although this may be so, it should be 
pointed out that sensitivity to the process varies, and it may be neces- 
sary to experimentally determine destruction of the spore, the con- 
ditions of destruction, and the microbial types before sterility is achieved. 
It is the intent of this chapter to discuss some of the major problems 
encountered with spores, as well as to review the many factors 
concerned with sporicidal activity. 

II. CHEMICAL AND PHYSICAL CHARACTERISTICS OF SPORES 

Bacterial spores are much more resistant to adverse effects of heat 
and chemicals than their corresponding vegetative cells. This resis- 
tance has been extensively studied and many publications have 
appeared over the years on this subject. In spite of these invistigations, 
the nature of the spore and the cause of its resistance to adverse 
environmental conditions are not fully known. Consequently this sub- 
ject continues to be of interest and work in this area continues to be 
actively pursued. There are, however, certain quantitative and qualita- 
tive chemical, as well as physical, differences between vegetative cells 
and spores which are well documented. In combination, it is highly 
probable that they are responsible for spore survival. It is not our 
purpose to review all the chemical and physical factors in detail; this 
has been done by others [Robinow(47), Halvorson(27), and Sussmann 
and Halvorson(5<5)]. Rather we plan to list those which seem to be 
most important vis-a-vis spore survival after exposure to antimicrobial 
agents. 
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First of all, the cytoplasm of the vegetative cell is surrounded by a 
membrane which limits exchange with the environment through active 
transport and the cell wall which maintains the integrity and rigidity of 
the cell. The wall offers only limited protection compared with the 
spore envelope and penetration, as well as osmotic pressures, can 
render the cell quite susceptible to detrimental agents. The core of the 
spore, however, is surrounded by a multilayered covering. Next to the 
core is the wall surrounded by the cortex, and as many as three spore 
coats. Finally there is the exosporium, enveloping all the others 
[Sussmann and Halvorson (56)]. Electron micrographs have richly 
demonstrated these layers; their usefulness in maintaining rigidity is 
amply shown by the difficulty encountered in obtaining the spore 
contents for study. 

The presence of lipids in the spore may add to its resistance by 
stabilizing enzymes and by rendering it somewhat hydrophobic. Black 
and Gerhardt(7) found that the spore core is surrounded by a lipid- 
like substance. Accordingly lipid insoluble agents may be limited to the 
degree in which they can penetrate the spore. Sugiyama(55) reported 
that fatty acids added to sporulating media increase the heat resistance 
of spores. He suggested that the fatty acids may aid in protein stabiliza- 
tion since it has been shown that denaturation of protein (serum 
albumin) is retarded by the presence of fatty acids. 

Resistant spores contain high levels of divalent metals, particularly 
calcium [Sugiyama(55)]. Additionally, spores which are produced on a 
calcium deficient medium are heat sensitive [Slepecky and Foster 
(52)]. Calcium may prevent the denaturation of proteins by linking 
negatively charged groups, thus keeping the protein chains from 
unfolding. As previously stated, resistant spores contain DPA, a unique 
substance, since it has not been reported as common in other biological 
forms. Above a certain temperature level, thermal resistance is directly 
proportional to the DPA concentration [Church and Halvorson (27) 
and Collier and Nakata(22)]. This can amount to approximately 10% 
of the dry weight of the spore. DPA chelates strongly with calcium and 
DPA synthesis can be correlated with calcium uptake [Powell and 
Strange(45)]. The appearance of DPA can also be correlated with the 
appearance of resistance and its depletion also coincides with the loss 
of resistance as spores germinate. It has been hypothesized [Sussmann 
and Halvorson (56)] that DPA may protect spores through a DPA- 
calcium-amino acid complex which could act to stabi lze o e 
peptide chains. 
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Friedman and Henry (26), using freezing point measurements, pro- 
posed the theory that spores contain bound water as opposed to the 
free water in vegetative cells and their resistance to heat might be due 
to this difference. Using refraction indices as evidence, Ross and 
Billing (48) suggested that spores simply contain less water than vegeta- 
tive cells. Black and Gerhardt(7) found that free water is distributed 
throughout the spore but that the core contains the least amount. They 
also suggested a new hypothesis for thermostability, postulating that 
there is an “occurrence of an insolubly gelled core with cross linking 
between macromolecules through stable but reversible bonds so as to 
form a high polymer matrix with entrapped free water.” Although 
Black and Gerhardt(7) limited their explanation of resistance to heat, 
their hypothesis could just as well be extended to resistance to chemi- 
cals which attack exposed susceptible chemical groups extending from 
peptide chains. 

Active enzymes are less common in the spore than in the vegetative 
cell. Using Bacillus myocoides, Hardwick and Foster(2<5) assayed 17 
enzymes in vegetative cells, pre-spores, and spores. They reported 
negative results for spores although enzyme activities were quite 
evident in the other two forms. Stedman(54) reported that enzymic 
action did not take place in mature spores. Doi, Halverson, and Church 
(24) found that spores of Bacillus cercus var. terminalis do not have 
hexokinase or glucokinase enzymes. However, they found that these 
spores were able to use a direct oxidative pathway with dissimilation 
occurring through the pentose shunt. Bach and SadoflF(5) demonstrated 
a heat-resistant glucose dehydrogenase in spores of B. cereus. Marr(J4) 
listed a heat-resistant ribosidase in the spore coat, a heat-resistant 
alanine racemase and an adenosine deaminase, presumably outside the 
spore coat, and a pyrophosphatase and a heat-sensitive catalase within 
the spore coat. The latter two enzymes are heat resistant only when 
contained within the spore and since they do not act on substrates 
outside the spore, it is presumed that they are located within the spore 
coat. 

Antimocrobial agents attack microorganisms in various ways. Some 
exert osmotic pressure, others may act as general oxidizing agents, and 
still others may attack specific chemical groups on peptide chains. 
Alcohol has been used as a general disinfectant for vegetative cells. As 
stated earlier, alcohol is useless as a sporicidal agent. Considering 
alcohol as a dehydrating agent, it can readily be seen that hydrated, 
actively metabolizing vegetative cells would be quite susceptible to 
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alcohol whereas the dormant spore covered with several layers, 
including a lipid layer, would be resistant. Phillips ( 42 ) reported that 
spores are 1 0 3 to 1 0* times more resistant than vegetative cells to such 
agents as hypochlorites, heavy metals, phenol, and quaternaries. Such 
disinfectants may act at the surface or have another limited mode of 
action. Cationics, such as the quaternaries, adsorb onto the cell wall 
and disrupt the cell [Moore and Hardwick (35)], but this mode of action 
would be unlikely to affect the viability of spores. Heavy metals such 
as silver and mercurials react with sulfhydryl groups and, again, this 
may also be a surface phenomenon. Hypochlorites are oxidizing agents 
and, although penetration may be limited, exert a sporicidal influence. 
Iodine has been recognized as having sproicidal properties and has 
been found to react with many protein groups such as indol, imidazole, 
phenol, disulfide, and sulfhydryl groups [Carroll, et al. (75)]- The 
general class of alkylating agents appear to be among the strongest 
sporicidal agents. Phillips ( 42 ) reports that spores are only 2-15 times 
more resistant than vegetative cells to these agents as compared to a 


much higher resistance where other types of disinfectants are con- 
cerned. Alkylating agents include ethylene oxide, j3-propiolactone, 
formaldehyde, and glutaraldehyde, as well as other aldehydes. Their 
points of attack are the sulfhydryl, hydroxyl, amino, and carboxy 
groups. Since many such groups would be present in spore proteins 
as well as in vegetative cells proteins, it is not surprising that spores are 
susceptible to these agents and that their resistance is only a few times 
greater than vegetative cells. Phillips ( 42 ) represented alkylation of 
these protein groups by ethylene oxide in the following manner: 
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III. SPORICIDAL TESTS AND THEIR EVALUATION 
A. Evaluation 

A properly executed test for sporicidal activity should indicate 
whether a test agent kills a specified number of spores of pre-deter- 
mined resistance in a specified time at a specific temperature. The 
resistance of spores is sometimes determined by exposure to constant 
boiling hydrochloric acid [Horwitz(29)]. Another method of determin- 
ing resistance is via heat shocking of a sample, with subsequent dilution 
or concentration of the contaminating spore suspension as determined 
by plate counts [Pepper and Chandler(4/)]. 

The exposure period should be exact. Unfortunately, many methods 
naturally allow the transfer of the test agent to the recovery media, 
thereby either extending the exposure time of a dilution of the test 
agent or initiating a condition of sporistasis that impedes the germina- 
tion and growth of spores which may survive the specified contact 
period. Since it is the purpose of recovery media to promote growth of 
any surviving spores, every effort must be made to transfer as little of 
the agent to the medium as possible. Known neutralizers for test agents 
can be used to prevent sporistasis. A reasonable incubation period 
should be- allowed and followed by testing for sporistasis by the 
inoculation of a minimal number of spores of the same species used. It 
would also be advisable to determine initially the sporicidal activity of 
agents without the use of carriers. Agents showing activity in such a 
test can be further tested by using a spore carrier which relates to the 
eventual use of the sporicide. Appropriate species should be employed 
depending upon the ultimate use of the sporicide. For example, 
Clostridium tetani and Cl. welchii could be used to test materials 
intended for hospital use. 

One of the oldest test methods for determining antimicrobial activity 
is the phenol coefficient test, with its many variations. Essentially, this 
method involves inoculating both phenol and a test disinfectant with a 
known number of microorganisms and the subsequent transfer of loop- 
fuls of this mixture into recovery media at specified time intervals. The 
transfer of microorganisms into recovery media also necessitates the 
transfer of chemicals which may be inhibitory to the growth of the 
injured spores. So-called microbial stasis tests usually involve the 
inoculation of tubes showing no growth with fresh spores of the same 
strain used in the test. This inoculation is likely to be larger in number 
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than the viable survivor sample. It is also quite possible that the quan- 
tity of antimicrobial agent transferred to the medium may be static to 
the viable survivors, but not to the unexposed organisms used to deter- 
mine whether the medium will support growth. Thus a test of this type 
may give false sporicidal values and stasis may not be indicated on the 
basis of growth support tests. Furthermore, in the event that actual 
sporicidal activity is present, the number of survivors diminishes with 
time and the possibility of picking up survivors in a standard loopful 
becomes increasingly less. If the sample size is increased to compen- 
sate for the decrease in viable survivors, this automatically increases 
the liklihood of sporistasis. 


B. A.O.A.C. Method and Modifications 

In another method [Ortenzio et al.(3S)], silk suture loops were 
contaminated with acid-resistant spores, dried, and placed in test 
agents under standardized conditions to test their sporicidal effec- 
tiveness. Chemicals with microbiostatic properties tended to appear 
more effective than they actually were because of the amount of the 
antimicrobial agent adhering to the loop. It is also possible that 
chemosterilizers, which might not penetrate all parts of the loop, 
would appear ineffective in such a test even though these agents 
kill spores either in or on smooth surfaces. This test was designed to 
be rigorous in that it required a penetration of textile material, as well 
as sporicidal activity. Unfortunately, the introduction of static material 
into culture media is its chief weakness. 

Recognizing the sporistatic properties of antimicrobial agents, 
Klarmann(iZ) modified the suture-loop method by suggesting the 
transfer of the loop from the original tube of medium into a second 
tube of medium containing 10% horse serum. This modification was a 
definite advance in assessing the effectiveness of sporicidal activity, 
since Cl. sporogenes spores, thought to be killed in two hours (as 
indicated by the original method), were found to survive eight hours. 
These results also point out defects in the usual tests for sporistasis. 
Such tests involve the introduction of a small number of unexposed 
spores (to the disinfectant) into the sporicidal menstruum showing no 
growth after the specified incubation period. If the spores germinate 
and grow, it is concluded that stasis does not exist. Although no stasis 
was found in tests of the suture-loop type without modification, 
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it is obvious from Klarmann’s findings that stasis actually did exist, 
but went undetected by the usual method. A further criticism of this 
test, is that it would not be applicable to hard surface objects. It 
should be noted that sutures themselves present a wide variability, 
depending on the choice of materials and how they are treated. Silk 
sutures may be silicone treated or have waxy outer coats which would 
contribute to great differences in results obtained in the test method. 
These can float on the surface and be incompletely exposed to the 
test solution. 

Quisno et al .(46) used 0.07% lecithin and 0.5% Tween-80 in 
recovery media to elimate bacteriostatic effects caused by quaternary 
ammonium compounds, and Lawrence and Erlandson(ii) used 
1% Tween-80 to eliminate sporostasis. These media additives have 
been recognized by the Association of Official Agricultural Chemists 
[Horwitz(29)], although this same publication allows only the suture 
loop and the porcelain penicylinder to be used as spore carriers in 
sporicidal tests. This, too, places a limitation on the test as rubber, 
plastics, stainless steel, or other materials may be better spore carriers 
depending on the ultimate use for the test agent. 


C. Membrane Filter Method 

One of the simplest and most effective methods of evaluating spori- 
cidal activity is the membrane filter method. Originally described by 
Portner et al .(43), and employed by Chandler et al.(/9), and Pepper 
and Chandler(4/), with modifications, this method involves the direct 
mixing of spores and chemosterilizer and the subsequent filtering of 
samples at various time intervals. The filter pads are washed with the 
chemosterilizer diluent (or solvent) to eliminate any trace of the chemi- 
cal agent left on the filter pad. The filter pad containing the spores 
originally suspended in the test agent is then transferred to the growth 
medium. The advantages of this test method are the testing of known 
numbers of spores for viability and the complete elimination of the 
antimicrobial agent from the culture medium as a source of stasis. 

Once an agent shows activity with the membrane filter test method, 
it can, then, be evaluated by some type of in-use test. It seems logical 
to use some object or carrier made of the same material as the object to 
be sterilized. Since surgical instruments are often the objects to be 
sterilized, it seems reasonable to use a stainless steel carrier for such a 
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test. Thus, the tests employing suture loops and porcelain penicylinders 
are not adequate. Pepper and Chandler (4/) used stainless steel 
penicylinders (8 x 10 mm) as carriers Both aerobic (B. subtilis and B. 
pumilus) and anaerobic (Cl. tetani and Cl. sporogenes) heat-resistant 
(80°C for 15 minutes) spores were employed. Carriers were contamin- 
ated with various concentrations of spores and the numbers were 
determined by washing the cylinders and plating heat-shocked samples. 

A solution of 8% formaldehyde and 0.5% hexachlorophene, in 70% 
isopropyl alcohol, was compared with an alkaline solution of 1% 
glutaraldehyde, in 70% isopropyl alcohol, for sporicidal activity in 
this method. It can be seen in Table 1 that the glutaraldehyde solution 
was the more effective agent. Test results also showed that with 
carriers contaminated with various concentrations of spores, the 
spores survived 5 and 6 hours in formaldehyde solution. However, 
when the formaldehyde solution was tested by the suture loop method, 
results indicated that sterility was achieved after two hours. As 
formaldehyde and hexachlorophene are considered sporistatic, this 
may account for the difference in results. 


IV. FACTORS INVOLVED IN THE RESISTANCE AND DESTRUCTION 

OF SPORES 


A. Heat 

Heat is undoubtedly one of the most important factors employed in 
the destruction of spores. Both moist and dry heat are readily utilized 
for sporicidal action, with the former being the more effective agent for 
destroying both bacterial and fungal spores. Resistance of spores varies 
from species to species and within strains. According to Wilson and 
Miles (60), some strains of B. subtilis are rapidly destroyed, whereas 
others may withstand boiling for several hours. Anaerobic spores 
demonstrate a similar degree of resistance. Microbiologists are well 
aware that spores of Cl. botulinum can withstand boiling for several 
hours, whereas others, e.g., Cl. welchii may be destroyed in minutes. 
Although both methods are effective in spore destruction, Russell (50) 
has reported that there is not necessarily a correlation between 
resistance to moist and dry heat; B. stearothermophilus, for example, 
is highly resistant to moist heat, but not especially resistant to dry 

heat. 


327 




S28 



96 


PAUL M. BORICK AND ROLLIN E. PEPPER 


Bowief/J), in discussing the problems involved in heat sterilization, 
states that in order to kill the microorganisms which contaminate 
equipment it is essential to have adequate contact between the micro- 
organisms and steam or aqueous solution, at the selected temperature. 
To achieve sterility, Shotton(5/) claimed that proper packing of con- 
tainers in the autoclave is necessary and the location of vent holes or 
the use of porous materials as wrappers are of paramount importance. 
The adequacy and reliability of heat sterilization may be further 
reduced by an overloading of the sterilizing units, the lack of adequate 
controls, defects in the equipment, or improper operation of the units. 
This is not to say that heat as a method of sterilization is inadequate, 
but rather to caution that various conditions must be satisfied before 
sterilization can be accomplished. 

Just as moisture is an important factor in the destruction of spores, 
the opposite situation may prevail where a low moisture content may 
aid in their survival. Bullock and Keepe(/6), in examining bacterial 
survival in low moisture systems, showed that B. subtilis spores 
remained viable in oils, fats, and liquid paraffin for over 2 years. 
Bullock and Tallcntiref / 7), in studying the relationship of moisture and 
heat resistance, found that below a designated moisture content spores 
remained viable and heat resistant, whereas the spores lost their heat 
resistance and retained their viability above a certain range of moisture 
uptake. Spores contained in dry products, such as peptone powder, 
remained viable and heat resistant for long periods of time. Bruch et al. 
(15), in determining the effects of chemical and physical factors on dry 
heat sterilization, showed that neither a vacuum nor the entrapment of 
spores in nonaqueous liquids increased the time required for steriliza- 
tion. The entrapment of spores in certain solids did, however, increase 
this time. These factors must, then, be studied in detail to assure spore 
destruction. 

B. Irradiation 

In a series of studies to determine the effects of radiation on micro- 
organisms conducted by various investigators [Koh et al.(52), Bridges 
et al .(14), and Pepper et al .(40)], bacterial spores were shown to be 
most resistant to cathode rays. These findings were in agreement with 
Bellamy and Lawton (6), who also demonstrated the high degree of 
resistance of bacterial spores. In spite of this, sterilization can be 
accomplished when sufficient dosages are employed. 
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The two main sources of irradiation in use today are the microwave 
linear accelerator and cobalt 60. Artandi and Van Winkle(J) discussed 
the efficacy of the electron beam as a means of sterilization of surgical 
products, whereas Van Winkle, Borick, and Fogarty(57) showed the 
destructive effects of cobalt 60 irradiation on resistant microorganisms 
on sutures. 

In the destruction of spores by irradiation, as in destruction by heat 
sterilization, various factors must be considered. Edwards et al. (25) 
found that neither pH nor salt concentration had any effect on the 
lethality of rays in sterilization. The same author reported that the 
temperature of the suspending medium had a marked influence on the 
per cent of spores surviving radiation; exposure to rays at elevated 
temperatures decreased the kill, at low temperatures it increased the 
kill. Woese(<5/) reported that higher temperatures enhanced the rate of 
bacterial inactivation. A logarithmic relationship was shown to exist 
between the numbers of microorganisms present and the dosage 
required to achieve complete kill. 

The presence of protein provides some protection to the spores and 
will contribute to their survival. Borick and Fogarty! 12) reported that 
B. pumilus spores, irradiated in a growth-promoting medium, survived 
a dose of 2.5 Mr, whereas no survivors were obtained under similar 
conditions when cellulose materials were employed. Vintner(Jtf) 
contends that certain substances may act as protective agents. He 
found that an increase in resistance to radiation during sporulation of 
B. cereus parallels an increase of cystine-rich compounds, which offer 
protection to irradiation. 

Apparently, the interruption of radiation cycles does not influence 
sterilization if growth-promoting properties are not present. Interrupted 
dosimetry tests, performed with different type materials in our labora- 
tories, Showed that various spore types were destroyed when radiation 
doses were given in two separate exposures, with differing periods 
of interruption. It should be noted that the presence of suitable condi- 
tions for growth could make sterilization more difficult or, perhaps, 
impossible to achieve. 

The resistance of different species of bacterial spores to irradiation 
will vary as will resistance within a species. A strain of B. pumilus is 
used routinely by us in irradiation work because it shows a high degree 
of resistance. A less resistant strain of B. pumilus is also employed for 
experimental work. To date, sporeformers resistant to complete destruc- 
tion by irradiation have not been reported. Whether mutants which are 
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completely radiation resistant can occur is questionable. It would 
appear that increased doses of radiation would result in destruction of 
even the most highly resistant species. 

Although radiation is now employed throughout the world in medical 
and food areas, Jefferson ( 30 ), in comparing heat and radiation steriliza- 
tion, recommends that the user recognize the inactivation factors which 
are currently obtained with autoclaving procedures before deciding on 
an inactivation factor for radiation sterilization. This would assure 
safer processes and help overcome limitations inherent in presently 
employed routine sterility tests. 

Artandi(2), in comparing the advantages of radiation sterilization 
over autoclaving or gaseous sterilization, pointed out that materials 
sterilized by irradiation can be run in a continuous process past 
the irradiating source, whereas other methods require a batch-type 
operation. For all three methods the type of kill was characterized as a 
first-order reaction; the effect needed for a tenfold reduction of the con- 
centration of microorganisms was the same regardless of initial concen- 
tration. The process selected is dependent on the type of operation to 
be performed. All three processes are effective in sterilization, but all 
have their limitations in such areas as inaccessibility of the material to 
be sterilized, excessive drying, protective coatings, or other factors 
which influence spore destruction. 


C. Chemicals 

A good deal of controversy prevails regarding the use of chemosteril- 
izers, and there are many problems inherant in the method. Some of the 
older workers in this field do not accept the widespread use of chemical 
agents as sterilizers and advocate their use only as disinfectants. In 
defining criteria for compounds to be used in this area, Borick(y) 
declared that, in addition to a wide microbiological spectrum, an anti- 
microbial agent must show sporicidal activity before it can qualify as 
a chemosterilizer. Granted, that sterilization can be effected by many 
agents where only vegetative cells are present, a sporicidal agent must 
be employed where the microbial population is unknown, if steriliza- 
tion is to be assured. 

The general use of chemicals in the United States as chemosten - 
izers lies within the jurisdiction of the United States Department of 
Agriculture and all products which make germicidal label claims are 
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covered under the Federal Insecticide, Fungicide, and Rodenticide Act. 
To date, this agency has restricted this usage to a gaseous agent, 
ethylene oxide and a liquid aqueous solution, glutaraldehyde. Although 
now widely used for sterilization, they are relative newcomers to the 
field and criteria for their employment are still being defined. As noted 
earlier, many factors must be considered when spore destruction is 
to be achieved by chemical means. These include temperature, pres- 
sure, humidity, gas concentration, the nature and type of product, 
the variety of spore, and concentration. These problems have been 
reviewed by Borick(/0). The action and selection of other spori- 
cidal agents cannot be considered without a regard for other criteria, 
for here, too, action is dependent on a knowledge of the chemical 
agent and its intended use. No single method is available to define 
the selection of a test agent for general use. It is, then, necessary to 
consider the intent and to evaluate the sporicidal agent in terms which 
may be extrapolated to an actual in-use situation. 

Time and concentration are two major factors involved in steriliza- 
tion by chemicals. However, if an antimicrobial agent does not have 
sporicidal activity, neither a high concentration nor an extended period 
of time will result in spore destruction. Although pH is not a factor in 
radiation sterilization, and has little effect on heat sterilization, it is an 
extremely important criterion in the employment of chemical agents. 
Borick and Dondershinef//) showed that glutaraldehyde was a more 
effective sporicide when used in alkaline solution, and Rubbo and 
Gardner(49) showed that, in addition to the above, this chemosterilizer 
was effective over a wide range of pH. 

Formaldehyde is, according to Willard and Alexander(59), one of 
the oldest chemosterilizers employed for the destruction of spores, 
and, although 1% to 2% solutions have been used, a relatively long 
period of time (24 hours) is required to destroy B. subtilis var. niger , 
spores. A much shorter time for destruction of spore was indicated by 
Spaulding (53) with a concentration as high as 8% formaldehyde. 
Lower concentrations of glutaraldehyde solutions are required for 
sporicidal activity as compared to formaldehyde solutions; however, 
formaldehyde vapor is more effective for germicidal activity than 
glutaraldehyde vapor. The novice, in selecting an agent for destruction 
of spores cannot conclude that biological activity in one physical state 
is the same as in another. 

Chemicals which have a long and effective history as disinfectants 
for vegetative cells, may not be sporicidal. Alcohol, phenolics, and 
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quaternaries, for example, are widely used as germicides, but they are 
not effective against spores unless they are used in conjunction with 
heat and/or other chemicals. Alcohol is widely used as a solvent for 
other antimicrobials and, when utilized with formaldehyde, glutaral- 
dehyde, or iodine will exhibit sporicidal activity. Activity here is based 
on the antimicrobial agent, and not on the alcohol, although the solvent 
obviously aids in chemical transport to the spore site. Quaternaries, 
too, when used in conjunction with other antimicrobials, act by lower- 
ing the surface tension and their wetting action enhances the activity 
of the disinfecting chemical. Potent chemical agents, may not destroy 
spores. The use of strong acids or alkalis would be expected to result 
in rapid destruction of most biological specimens. Spores, however, 
were reported by Borick(/0) to survive a 1-hr exposure to either 
2.5 N HC1 or NaOH. From the foregoing, the high degree of resistance 
which one may encounter in either aerobic or anaerobic bacterial 
spores is readily seen. 

As might be expected, spores embedded in a crystalline matrix, or 
some other protective material, would be more dificult to destroy by 
chemical means than by either heat or irradiation. This is not to imply 
that the end result would not be the same, but rather that one must 
realize, in choosing this method of killing spores, that the obstacles 
may be difficult or practically impossible to overcome. A protective 
barrier in the form of an overwrap may be impermeable to either 
liquid or gaseous material, thus, the agent could never reach the spore 
site. Other methods of sterilization may have limitations, too. Allen 
and Soike(/), advocated the use of the electrohydraulic treatment for 
the sterilization of various materials and showed that this process was 
restricted to liquid solutions. Chemical alteration of the spore was 
necessary, in a combined liquid-physical treatment, to effect steriliza- 


tion. . ... 

Although an attempt has been made to warn of the difficulties whicn 
may be encountered in spore destruction by the use of chemosteril- 
izers, this is not to imply that sterilization by chemical means is not 
without merit. As a matter of fact, our personal experience in the field 
of sterilization would indicate that this method can be just as effective as 
other available means, when sufficient knowledge regarding its use is 
at hand There are occasions when it can be used more readily, or it 
maybe the only method available for the desired result. The individual 
must be aware of the circumstances involving its use and must decide 


which method best suits the situation. 
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